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STUDIES IN PLANETARY METEOROLOGY 

By George Ohring 
GCA CORPORATION 

GGA TECHNOLOGY DIVISION 
Bedford, Massachusetts 

SUMMARY 

This annual technical report consists of three papers which report 
the results of studies conducted during the past year on the meteorology 
of the atmosphere of Venus. These studies include an evaluation of the 
greenhouse explanation of the high Venusian surface temperature, com- 
putations of the radiative equilibrium temperature distribution in the 
Venusian atmosphere, and empirical fits of infrared transmittance tables 
for application to Venus. 
found with the respective papers. 

Complete abstracts of these studies may be 
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PART 1 

HIGH SURFACE TEMPERATURE ON VENUS: EVALUATION 

OF THE GREENHOUSE EXPLANATION 

George Ohring 
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HIGH SURFACE TEMPERATURE ON VENUS: EVALUATION 

OF THE GREENHOUSE EXPLANATION 

ABSTRACT 

Calculations of t h e  mean sur face  temperature of Venus are per- 
formed wi th  a simple non-grey r a d i a t i o n  balance model. 
based upon a balance of net incoming s o l a r  r a d i a t i o n  and emerging thermal 
r a d i a t i o n  a t  t h e  top of t he  atmosphere. 
thermal r ad ia t ion ,  i t  i s  assumed t h a t  t h e  shape of the  v e r t i c a l  temper- 
a t u r e  p r o f i l e  i s  s i m i l a r  t o  that-observed by Mariner 5 and Venera 4 - 
t h a t  is, a constant lapse- ra te  of 9OC/km from t h e  sur face  t o  a pressure  
level  of a few t en ths  of an atmosphere, above which the  temperature 
remains constant. Given the  atmospheric composition, cloud transmittance 
i n  t h e  in f r a red ,  and sur face  pressure,  t h e  sur face  temperature can be 
determined from t h e  balance requirement a t  t h e  top of t h e  atmosphere. 
Calculations are performed f o r  a low su r face  pressure  (20 a t m )  and high 
sur face  pressure  465 a t m )  model, For a pure carbon dioxide atmosphere, 
t h e  r e s u l t s  i n d i c a t e  t h a t  mean sur face  temperatures of 500°K t o  600°K 
can be maintained i n  t h e  20 a t m  model, and 650°K t o  700°K i n  t h e  65 atm 
model, i f  water vapor mixing r a t i o s  are of t h e  order of lom3. I n  t h e  
event t h e  water vapor constant i s  lower, similar su r face  temperatures 
can be maintained i f  t h e  clouds are moderately opaque i n  t h e  in f r a red  
(transmittance of 0.1). 

The model i s  

To c a l c u l a t e  t h e  emerging 
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INTRODUCTION 

The high sur face  temperature of Venus (a 600°K t o  700°K) in fe r r ed  
from microwave observations has now been confirmed by t h e  d i r e c t  i n - s i t u  
observations performed by t h e  Soviet  spacecraf t  Venera 4 ( r e f .  1). A 
major problem of p lane tary  meteorology i s  t o  understand why Venus i s  s o  
hot. 

,/' 

I n  t h e  absence of an  atmosphere, t h e  mean r a d i a t i v e  equilibrium 
temperature of a p l ane t  depends only upon i t s  d i s t ance  from t h e  sun and 
i t s  albedo. This temperature can be computed from an  equation repre- 
sen t ing  a balance between the  p l a n e t ' s  blackbody emission of thermal 
r a d i a t i o n  and i t s  absorption of s o l a r  r ad ia t ion ,  

.I -. . 
I 

(1 - A) 
S . C .  

4 R2 
cr Te4 = - 

where a i s  the  Stefan-Boltzmann constant,  S,C. i s  t h e  s o l a r  constant 
( i n t e n s i t y  of s o l a r  r a d i a t i o n  a t  Ear th ' s  d i s t ance  from t h e  sun), R i s  
t h e  p l a n e t ' s  d i s t ance  from t h e  sun i n  astronomical u n i t s  (Earth-sun 
d i s t ance  = l), and A i s  the  p l ane t ' s  albedo. Figure 1 shows the  
r a d i a t i v e  equilibrium temperatures of Mars, Venus, and Earth fo r  a range 
of poss ib le  albedos f o r  these  p lane ts .  This f i g u r e  shows t h a t  Venus 
and Earth would have similar mean r a d i a t i v e  equilibrium temperatures i n  
t h e  absence of atmospheres. The presence of an atmosphere introduces a 
greenhouse e f f e c t  which raises t h e  su r face  temperature. For Mars and 
Earth, t h i s  e f f e c t  i s  r a t h e r  modest. The greenhouse e f f e c t  on Earth 
causes an increase  of about 35'K, r e s u l t i n g  i n  an average sur face  temp- 
erature of 288'K. On Mars, t h e  inc rease  i s  about 7OK, r e s u l t i n g  i n  an 
average su r face  temperature of about 215'K. 
would expect t he  mean sur face  temperature of Venus a l s o  t o  be not much 
higher than t h e  r a d i a t i v e  equilibrium va lue  computed i n  the  absence of 
an  atmosphere. 
pected f o r  Venus. The observed su r face  temperature i s  about twice t h i s  
value. The problem i s  t o  expla in  t h e  cause of t h e  high observed sur face  
temperature 

Arguing by analogy, one 

Thus, a mean temperature of about 300°K might be ex- 

An extreme greenhouse e f f e c t  as an explanation f o r  t h e  high sur face  
temperature was  suggested by Sagan ( r e f .  2). 
made, var ious  inves t iga to r s  have attempted t o  eva lua te  t h e  greenhouse 
e f f e c t  on Venus ( r e f .  3 - 6). Most of t h e  greer&ouse research has 
centered around t h e  question of whether t h e r e  are s u f f i c i e n t  amounts of 
i n f r a red  absorbing gases i n  t h e  atmosphere t o  maintain t h e  high sur face  
temperatures. However, Ohring and Mariano ( r e f .  5) included t h e  e f f e c t  
of an i n f r a r e d  absorbing cloud layer ,  while Samuelson ( r e f .  6) neglected 
gaseous absorption and computed t h e  greenhouse e f f e c t  fo r  a semi- 

Since t h i s  suggestion was  
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Figure 1. Radiative equil ibrium temperatures of Earth, Mars and Venus. 
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i n f i n i t e  p a r t i c u l a t e  layer .  
s ince  grey r a d i a t i v e  models have been used and s i n c e  important para- 
meters, such as atmospheric composition and sur face  pressure,  were 
r e a l l y  unknown. The r e s u l t s  have a l s o  conf l ic ted .  
s u l t s  t o  da te ,  t h e  greenhouse explanation of t h e  high sur face  temperature 
i s  s t i l l  i n  doubt. 

These evaluations have been r a t h e r  crude, 

Based upon t h e  re- 

I n  t h e  present  study, we use t h e  r ecen t  Mariner 5 and Venera 4 
observations of temperature, p ressure  and atmospheric composition t o  
eva lua te  t h e  greenfrouse e f f e c t  on Venus with the  use  of a non-grey 
r a d i a t i v e  model. 
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APPROACH AND PROCEDURES 

Our approach i s  based upon t h e  condition of r a d i a t i o n  balance t h a t  
must p r e v a i l  a t  t h e  top of t h e  Venusian atmosphere i f  t h e  p l a n e t ' s  
mean temperature i s  i n  a steady s ta te  condition. 
tween t h e  n e t  incoming s o l a r  r a d i a t i o n  and the  thermal r a d i a t i o n  emerging 
from t h e  planet-atmosphere system. 
known, being a function only of t h e  s o l a r  constant,  t he  p l ane t ' s  d i s t ance  
from t h e  sun, and i t s  albedo. The emerging thermal r a d i a t i o n  depends 
upon t h e  sur face  temperature and ver t ical  temperature p r o f i l e  i n  t h e  
atmosphere, and t h e  atmospheric composition and pressure.  I f  w e  assume 
t h a t  t he  form of t h e  v e r t i c a l  temperature s t r u c t u r e ,  and the  atmospheric 
composition and su r face  pressure are known, w e  can determine t h e  sur face  
temperature t h a t  y i e l d s  t h e  required balance a t  t h e  top of t he  atmosphere. 
The computed sur face  temperature can then be compared t o  the  observed 
sur face  temperature. The information on form of t h e  temperature p r o f i l e  
and atmospheric composition and su r face  pressure  w i l l  be based mainly 
upon t h e  Venera 4 and Mariner 5 observations. 

This balance i s  be- 

The n e t  incoming s o l a r  r a d i a t i o n  i s  

The r a d i a t i v e  f lux  emerging from a p lane tary  atmosphere i n  a 
s p e c t r a l  i n t e r v a l  r can be w r i t t e n  as 

F r = f  Br(T)dTr -I- Br(Ts) T r ( S )  

T r ( 4  

where T i s  t h e  f lux  transmittance of atmospheric gases f o r  t h e  s p e c t r a l  
i n t e r v a l ,  B i s  t h e  blackbody f lux  i n  t h e  s p e c t r a l  i n t e r v a l ,  T i s  
temperature, and s r e f e r s  t o  sur face  values. I n  t h i s  equation, t he  
transmittance, 7, represents  t h e  v e r t i c a l  coordinate;  i t  decreases from 
un i ty  a t  the  top of t h e  atmosphere t o  t h e  va lue  ~ ( s )  a t  the  surface.  
To obta in  t h e  t o t a l  outgoing r a d i a t i v e  energy f lux ,  one must i n t e g r a t e  
over a l l  s p e c t r a l  i n t e r v a l s  r. Thus, 

r 
r 

r F =  F 

i=l 
(3)  

where m i s  the  number of s p e c t r a l  i n t e r v a l s .  The t o t a l  r a d i a t i v e  
energy f l u x  emerging from the  atmosphere must, i n  t h e  mean, balance 
the  ne t  incoming s o l a r  rad ia t ion .  Thus, 

I - -i- ~~~ 

4 F =  c r T  
l e ( 4 )  

- 
where T 
r ad ia t ion  as derived from Equation (1). 

i s  t h e  e f f e c t i v e  temperature of t h e  n e t  incoming s o l a r  e 
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r a d i a t i o n  as derived from Equation (1). 

Equation (2)  does not  inc lude  t h e  e f f e c t  of a cloud layer  on t h e  
emerging r a d i a t i v e  f lux .  
cloud layer ,  w e  s h a l l  incorpora te  i t s  e f f e c t  on t h e  emerging r a d i a t i v e  
f l u x  i n  as simple a manner as possible.  
i s  located a t  a pressure  l e v e l  P and t h a t  i t  has a grey in f r a red  c Id I n  t h e  presence of such a cloud, t h e  cont r ibu t ion  c ld '  transmittance z 
of the  atmosphere below t h e  cloud t o  t h e  emerging r a d i a t i v e  f lux  a t  t h e  

Equation (2)  then top of t h e  atmosphere i s  reduced by t h e  f a c t o r  z 
becomes 

Since very l i t t l e  i s  known about t he  Venusian 

W e  s h a l l  assume t h a t  t h e  cloud 

c ld  

The v e r t i c a l  temperature p r o f i l e  derived from t h e  Mariner 5 and 
Venera 4 observations i s  characterized by a lower atmospheric layer  with 
an approximately l i n e a r  lapse- ra te  of g0K/km and an  upper layer t h a t  i s  
approximately isothermal. Thus, given t h e  height of t h e  tropopause - 
t he  l e v e l  separa t ing  t h e  two layers  - t h e  e n t i r e  v e r t i c a l  temperature 
p r o f i l e  becomes a func t ion  only o f  t h e  sur face  temperature. 
temperature t h a t  balances Equation ( 4 )  can be computed by an i terative 
technique. The concept i s  i l l u s t r a t e d  schematically i n  Figure 2. The 
temperature p r o f i l e  associated with t h e  sur face  temperature T (1) y i e l d s  
an emerging r a d i a t i v e  f lux  less than t h e  n e t  incoming s o l a r  rad ia t ion .  
The temperature p r o f i l e  assoc ia ted  wi th  T (2) y i e l d s  an emerging f l u x  
g rea t e r  than t h e  n e t  incoming s o l a r  r a d i a k o n .  
temperature p r o f i l e s  i s  one t h a t  y i e l d s  an emerging f lux  which exac t ly  
balances t h e  n e t  incoming s o l a r  r ad ia t ion .  The i t e r a t i o n  procedure used 
t o  a r r i v e  a t  t h e  f i n a l  sur face  temperature cons i s t s  of t h e  following 
s teps .  

The su r face  

S 

Between these  two 

(1) With a f i r s t  guess of t h e  su r face  temperature, T(n), t h e  
emerging r ad ia t ion ,  F(n), i s  calculated.  

(2) A new su r face  temperature i s  obtained from 

This i t e r a t i o n  equation assumes t h a t  t h e  emerging f luxes  are propor t iona l  
t o  t h e  fou r th  power of t h e  sur face  temperature. 

(3)  The emerging r a d i a t i o n  i s  reca lcu la ted  wi th  t h e  new tempera- 
t u r e  s t ruc tu re .  

10 
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( 4 )  This procedure continues u n t i l  t h e  d i f f e rence  i n  successive 
sur face  temperatures i s  less than one degree Kelvin, i nd ica t ing  a 
balance between emerging and n e t  incoming rad ia t ion .  I n  p rac t i ce ,  only 
a few i t e r a t i o n s  are required t o  arrive a t  a f i n a l  sur face  temperature. 

Gases cont r ibu t ing  t o  t h e  greenhouse e f f e c t  of t h e  Venus atmosphere 
are carbon dioxide and water vapor. Experimental transmittance d a t a  f o r  
GO and H 0 f o r  t h e  high pressures  and pa th  lengths appl icable  t o  t h e  2 2 Venus atmosphere are not ava i lab le .  Available labora tory  da t a  f o r  GO 
f o r  example, cover a range of pressures up t o  a few atmospheres and 
CO amounts up t o  about 10 atmo-cm (see, f o r  example, r e f .  7 ) .  The 
su r face  temperature on Venus i s  tens  of atmospheres and t h e  amount of 
CO i s  of t h e  order of lo7  atmo-cm. 
t h e o r e t i c a l  ca l cu la t ions  have been f i t  t o  a t h e o r e t i c a l  s t rong  l i n e  
absorption l a w  by Bartko and Hanel ( r e f .  8 ) ,  who u t i l i z e d  the  r e s u l t i n g  
transmittance formulas fo r  ca l cu la t ions  of r a d i a t i v e  equilibrium temp- 
e r a t u r e  d i s t r i b u t i o n s  above t h e  clouds of Venus. These s t rong  l i n e  f i t s  
should a l s o  be appl icable  a t  the  elevated pressures and long path lengths 
of t h e  lower Venusian atmosphere, and we adopt them i n  t h e  present study. 

2, 
4 

2 

2 The a v a i l a b l e  laboratory d a t a  and 

The transmittance of a s p e c t r a l  i n t e r v a l  r i s  expressed as 

where m 
e f f e c t  ivB 

9; 
and n are constants f o r  t h e  s p e c t r a l  i n t e r v a l ,  and u t h e  
absorber amount, i s  given by r r '  

where u i s  the  a t h  length of t h e  absorbing gas i n  u n i t s  of atmo-cm 
f o r  GO and g cm-! f o r  H 0, T and p are standard temperature and 
pressure,  respec t ive ly ,  3 an8 p are'the average temperature and pressure  
along t h e  path,  y i s  a temperature c o e f f i c i e n t ,  and k = 2nr. The 
f ac to r  1.66 i s  inEroduced t o  approximate f lux  transmisgion. 
pa th  length between a pressure  l e v e l  
i s  given by 

2 

The C02 
p and t h e  top of t h e  atmosphere 

U -+  - 
%02 

(9 

where c i s  t h e  GO mass concentration, g i s  the  Venusian acce le ra t ion  2 
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i s  t h e  dens i ty  of GO2 a t  STP. The H20 path length , %02 of g rav i ty  

between pressure  level p and t h e  top of t he  atmosphere i s  

where w i s  t h e  H 0 mixing r a t i o .  2 

The cons tan ts  f o r  a l l  t h e  s p e c t r a l  i n t e r v a l s ,  ( a f t e r  r e f .  8),  are 
tabulated i n  Table 1. I n  those i n t e r v a l s  i n  which both CO and H 0 
absorb, t h e  t o t a l  transmittance i s  given by the  product of t he  in8iv- 
i d u a l  transmittances.  

2 

To eva lua te  Equation (2), expressions fo r  B t h e  blackbody f l u x  r' i n  a s p e c t r a l  in te rva1 ,are  required.  
i n t e r v a l  1: bounded by wavenumbers v1 and v may be w r i t t e n  as 

The blackbody f lux  i n  any s p e c t r a l  

2 

-2 wherf B 
sec- 
s u b s t i t u t i o n  v = c v/T, Equation (1%) becomes 

i s  the  Planck i n t e n s i t y  a t  wave number v, c1 = 1.1909 e rg  cm 
sger-l, c2 = 1.4389 c m  deg'', and T i s  temperature. With t h e  

2 

3 
V - - 3.t c1 4 T4 JV2  ev - dv . 

v1 2 C 
Br 

Equation (12.) can be w r i t t e n  as 

Pivovonsky and Nagel ( r e f .  9) give t h e  following formulas fo r  com- 
puting t h e  i n t e g r a l s  i n  Equation (33). 

For v 2 3.5, 

8 
V 

6 

8 60 5040 4- 272160 13,305,600 
- ru v v  v4 V v3 d v Z v 3 ( $  - - + - - - -  
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TABLE 1 

CONSTANTS FOR INFRARED SPECTRAL INTERVALS 

[ From r e f .  8 ] 

I n t e r v a  1 Range eo2 I, H2° 
S p e c t r a l  Wave number 

"r 
2 -1) 

(cm STP)" ( c m  g 
Y r  'LL m n r r v( cm- 

1 

2 
3 
4 
5 
6 
7 
8 

9 
10 

11 

12 

13 
14 
15 
16 

17 

0 - 200 
200 6 250 i 

250 - 335 
335 - 495 
495 - 550 
550 - 625 
625 - 660 
660 - 720 

720 - 810 
810 - 880 

880 - 920 

920 - 1000 

1000 - 1100 
1100 - 1600 
1600 - 2000 
2000 - 2600 
2600 - 8000 

0.0 

0.0 

0.0 

0.0 

4.8 
2.0 
5.8 x lo-' 
6.5 x lo-' 
9.6 

5.1 

3.2 

1.6 
7.5 x 

0.0 

0.0 

6.7 

1.6 

0.0 0 

0.0 0 

0.0 0 

0.0 0 
0.65 1400 
0.38 800 
0.41 400 
0.37 600 
0.39 1000 

0.55 2800 

0.47 2040 

2 
2 

2 
1 

5.1 x 10 

8.0 x 10 

2.0 x 10 
1.4 x 10 

3.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.50 0 

0.50 0 
0.46 0 
0.40 100 

0.50 300 
0.50 400 
0.0 0 
0.0 '0 

0.0 0 

0.0 0 

0.0 0 

0.47 2040 0.0 0.0 0 

0.51 1950 0.0 0.0 0 

0.0 0 3.5 x lo1 0.48 300 

0.0 0 1.4 x 10' 0.48 300 

0.22 0 0.0 0.0 0 

0.31 0 1.8 0.48 0 
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For v 2 3.5, 

V 3 3 
dv = 1 15 -1 e-mv/m4 [((my -!- 3)mv -!- 6 

m=l 

Equation (2) is integrated numerically by dividing the Venusian 
n lavers of constant pressure thickness, each layer atmosphere into 

being 0-2 atmospheres th&Gk<. 
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ATMOS??HERIC MODEL 

The atmospheric models used i n  t h e  computations are based on t h e  
r e s u l t s  of t h e  Mariner 5 and Venera 4 spacecraf t  observations, and 
Earth-based spectroscopic and radiometric observations. Both t h e  r ad io  
occul ta t ion  experiment of Mariner 5 ( re f .  10) and t h e  d i r e c t  sampling 
experiment of Venera 4 ( re f .  1) i n d i c a t e  t h a t  t h e  Venusian atmosphere 
i s  predominantly carbon dioxide - t h e  Mariner 5 r e s u l t s  suggesting 75 - 
t o  90-percent CO 2’ For the  present  ca lcu la t ions ,  w e  assume a 100-percent CO atmosphere. 2 

suggest water vapor mixing r a t i o s  of lom4 $0 The d i r e c t  obser- 
vat ions of Venera 4,  on t h e  other  hand, i nd ica t e  H20 mixing r a t i o s  of 
1 t o  7 x 
computations fo r  H20 mixing r a t i o s  of lo-’, LO- , and 

1). There are indica t ions  t h a t  the  Venera 4 observation does not r e f e r  
t o  t h e  sur face  of Venus (see, fo r  example, r e f ,  4 ) ,  and t h a t  t h e  a c t u a l  
sur face  may be 20 km below the  point  a t  which Venera 4 measured 20 atm. 
I n  t h i s  case, t h e  sur face  pressure of Venus would be about 65 atm, based 
upon an ad iaba t i c  ex t rapola t ion  of t h e  Mariner 5 r e s u l t s  t o  t h e  surface.  
W e  s h a l l  perform ca lcu la t ions  f o r  both surface pressurese 

2’ t he  Venera 4 r e s u l t s  suggesting 2 90-percent CO 

The spectroscopic determinations of H 0 concentrations ( re f .  11-13) 

To cover the  range of obs rved Xalues, w e  s h a l l  perform 

A sur face  pressure of 20 atmospheres was  measured by Venera 4 ( re f .  

The lower atmosphere (t5opospheric) lapse- ra te  deduced from the  
Venera 4 observations i s  9 9 K/km ( r e f .  15). 
tropopause leve l ,  as deduced from the  temperature p r o f i l e  in fer red  from 
the  Mariner 5 observations ( r e f .  10) i s  of t he  order of a few ten ths  of 
an atmosphere. This i s  a l s o  the  pressure infer red  f o r  t h e  v i c i n i t y  of 
the  cloud-top ( r e f .  16). I n  t h e  present  computations, a l i nea r  lapse- 
rate of 9OK/km i s  assumed fo r  t he  Venusian troposphere and an isothermal 
layer  i s  assumed fo r  t h e  s t ra tosphere.  Computations are performed fo r  
d i f f e r e n t  tropopause pressures - 0.2 a t m ,  0.4 a t m ,  and 0.0 atm (no 
s t ra tosphere)  - and cloud pressures - 0.2 a t m  and 0,4 atm. 

The pressure a t  t he  

The c h a r a c t e r i s t i c s  of t he  model atmospheres used i n  t h e  calcu- 
l a t i o n s  are summarized i n  Table 2. 
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TABLE 2 

CHARACTERISTICS OF MODEL ATMOSPHERES USED I N  CALCULATIONS 

Atmospheric Composition: 

Tropospheric lapse-rate: 

Tropopause pressure: 

Stratospheric lapse-rate: 

H 0 mixing ratio: 2 

Surface pressure: 

Cloud infrared transmittance: 

Cloud pressure: 

100% GO2 

9 O K / b  

0 . 2  atm, 0.4 atrn, 0.0 atrn 

Is o t h erma 1 

20 atm, 65 atm 

0.1, 0.5, 1.0 (clear skies) 

0 .2  atm, 0.4 atm 
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TABLE 3 

COMPUTED VENUSIAN SURFACE TEMPERATURES, Ts, AND TROPOPAUSE 
TEPPERATURES, Ttrop, (OK), FOR DIFFERENT WATER VAPOR 

M I X I N G  RATIOS, w, AND EFFECTIVE TEMPERATURES OF 
NET INCOMING SOLAR RADIATION, T e 

( l O O X  C02 a t m o s p h e r e ;  s u r f a c e  p r e s s u r e ,  20 a t m ;  t r o p o s p h e r i c  
lapse rate, 9 O ~ / h ;  t r o p o p a u s e  p r e s s u r e ,  0.2 a t m )  

237 

336 

t r o p  T 
S 

T 

520 

7 57 

2 13 

3 10 

t r o p  T 
S 

T 

482 19 7 

682 27 8 

S T t r o p  T 

420 17 2 

583 23 8 

0 

S Tt rop  T 

282 115 

18 



RESULTS 

Calculat ions with sur face  P r  essure  of 20 a t m .  - A series of green- 
house computations w a s  performed t o  eva lua te  the  e f f e c t  of H20 vapor on 
the  computed sur face  temperature. These computations were performed f o r  
two e f f e c t i v e  temperatures of t he  n e t  incoming s o l a r  rad ia t ion ,  T = 
237'K and Te = 336OK. The former represents  the  mean planetary v%ue 
averaged over the  Venusian year while t he  la t ter  i s  representa t ive  of 
i n s o l a t i o n  conditions a t  the sub-solar po in t  on Venus. Both are based 
upon an albedo of 0.73. 
atmosphere, sur face  pressure of 20 a t m ,  t ropospheric lapse- ra te  of 
9 O K / k m ,  and no clouds. 
pressure l eve l  of 0.2 a t m .  The computed sur face  and tropopause temper- 
a tu re s  are shown i n  Table 3 .  

The computations &re f o r  a 100-percent C02 

The tropopause i s  assumed t o  be located a t  a 

For the  case of no water vapor (w = 0),  i n  which the  greenhouse 
e f f e c t  i s  dge s o l e l y  t o  carbon dioxide,  the  computed sur face  temperature 
i s  only 282 K. The addi t ion  of only a small concentration of water 
vapor, 10'5, i s  s u f f i c i e n t  t o  raise t h e  mean sur face  temperature t o  
420°K. 
temperature of 543'K on the  n ight  s ide ,  c lose  t o  t h e  equator and about 
150 km fmm the  terminator,  i s  obtained with an  H 0 mixing r a t i o  of 
10- . 
planetary sur face  temperatures of 600°K t o  700°K obtained from micro- 
wave observations and infer red  from Mariner 5. Thus, i f  t he  water vapor 
mixing r a t i o  is  loa3, t h e  greenhouse e f f e c t  due t o  CO 
produce a mean sur face  temperature i n  agreement with %he Venera 4 
observations but  s t i l l  below the  probable mean sur face  t e m  erature of 
600°K t o  700°K. 
temperatures less than 500°K, which are d e f i n i t e l y  lower than those 
observed, 

Best agreement with the  Venera 4 data ,  which indicated a sur face  

9 2 However, t he  computed temperature of 520°K is below the  mean 

and H 0 can 2 

and lo-' y i e ld  mean Water vapor mixing r a t i o s  of 

The e f f e c t  of varying the  pressure a t  the  tropopause l e v e l  i s  shown 
i n  Table 4. 
temperatures; r a i s i n g  i t  increases  t h e  sur face  temperature. The e f f e c t  
i s  g r e a t e s t  a t  the  higher water vapor concentrations.  
i s  a t  a pressure g rea t e r  than 0.4 atm, even the  presence of a water vapor 
mixing r a t i o  of 
grea te r  than 500°K. 

Lowering the  tropopause decreases the  computed sur face  

I f  t he  tropopause 

could not  produce a greenhouse sur face  temperature 

Thus f a r  t he  e f f e c t  of t h e  cloud layer  has not  been included. The 
pressure a t  the  Venusian cloud top is  believed t o  be of t he  order of a 
few t en ths  of an atmosphere. W e  have performed ca lcu la t ions  f o r  cloud 
top pressures  of 0.2 a t m  and 0.4 a t m ,  and inf ra red  cloud transmittances 
of 0,5 and 0.1. 
cloud t ransmit tance i n  Figures 3 through 6, 

The computed sur face  temperatures are p lo t ted  versus 
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TABLE 4 

t r o p  
T 

S 
T 

46 1 2 15 

482 19 7 

49 0 0 

'trob 

( a t d  

0.4 

0.2 

0.0 

S Ttrop T 

412 19 3 

420 17 2 

421 0 

COMPUTED VENUSIAN SURFACE TEIQERATURES, T , AND 
TROPOPAUSE TEMPERATURES, T ( O K ) ,  POR 

DIFFERENT WATER VAPOR MIXffi8PkTI.0S, w, 
AND TROPOPAUSE PRESSURE LEVELS, ptrOp 

, 

(100% C02 atmosphere; su r f ace  pressure,  20 a t m ;  
t ropospheric  lapse  rate, 9'K/km; T = 237OK) e 
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Figure 3. Variation of computed Venusian surface temperature with assumed 

infrared transmittance of cloud layer. (w is H20 mixing ratio; 
100% C02 atmosphere; surface pressure = 20 atm; tropospheric 
lapse rate = 9OK/km) 

2 1  



01 GA I76 - 40s 
50C 

L5 

Y 
0 - 450 
v) 

t- 

400 

P , , ~  = 0.4 otm 

0 0.2 0.4 0.6 0.8 I .o 
tc l  d 

Figure&. Variation of computed Venusian surface temperature with assumed 
(w is %O mixing ratio; infrared transmittance of cloud layer. 

100% C02 atmosphere; surface pressure = 20 atm; tropospheric 
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Figure 5. Variation of computed Venusian surface temperature with assumed 
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Figure 6. Variation of computed Venusian surface temperature with assumed 
infrared transmittance of cloud layer. (w is H20 mixing ratio; 
100% C02 atmosphere; surface pressure = 20 atm; tropospheric 
lapse rate = 9OK/lan.) 
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The values f o r  a cloud transmittance of 1.0 correspond t o  the  cases of 
clear skies discussed earlier. The e f f e c t  of an in f r a red  absorbing 
cloud on t h e  computed sur face  temperature i s  obvious. For example, 
from Figure 3 i t  can be seen t h a t  with an H 0 mixing r a t i o  of 10-5 t h e  
com uted sur face  temperature increases  from 420°K f o r  clear s k i e s  t o  
525 K f o r  a cloud with in f r a red  transmittance of 0,l. 

2 
i: 

I n  genera l  t h e  r e s u l t s  f o r  t h e  20 atmosphere sur face  pressure  model 
i n d i c a t e  t h a t  mean su r face  temperatures between 500°K and 600°K can be 
maintained by t h e  atmospheric yeenhouse  e f f e c t  i f  t h e  water vapor mixing 
r a t i o s  are of t h e  order of 10- , as meas r&d by Venera 4 .  I f  t h e  water 
vapor mixing r a t i o s  are of t he  order lo-' o r  lom5, mean sur face  temper- 
a t u r e s  g rea t e r  than 5OO0K can be maintained only i f  t h e  in f r a red  t rans-  
mittance of t h e  cloud i s  a few ten ths  o r  less. Mean sur face  temperatures 
of 600°K t o  700°K cannot be a t t a ined ;  even with the  h ighes t  H20 concen- 
t r a t i o n ,  and lowest i n f r a red  cloud transmittance, 0.1. 

Calculations with su r face  pressure  of 65 a t m .  - The deeper 65 
atmosphere model produces a g rea t e r  greenhouse e f f e c t .  The r e s u l t s  of 
ca l cu la t ions  f o r  assumed tropopause and cloud pressures  of 0.2 atm are 
shown i n  F igure  7 f o r  t h r e e  d i f f e r e n t  water vapor concentrations.  I f  
clouds do no t  con t r ibu te  t o  the  greenhouse e f f e c t  ( 't 
temperature of grea te r  t h  n 650°K can be maintained o$$$ i f  t h e  water 
vapor mixing r a t i o  i s  10" or  grea te r .  I f  clouds con t r ibu te  t o  t h e  
greenhouse e f f e c t ,  then sur face  temperatures of >650°K can be maintained 
with lower water vapor concentrations. These ca l cu la t ions  are a l l  f o r  t h e  
case of average n e t  incoming s o l a r  r a d i a t i o n  ( e f f e c t i v e  temperature, 
of 237'K), tropospheric l apse - ra t e  of 9OC/km, 100% C02 atmosphere and 
sur face  pressure  of 65 arm. 

= l . O ) ,  a sur face  

3 

The e f f e c t  of r a i s i n g  t h e  assumed tropopause and cloud pressures t o  
0.4 a t m  i s  shown i n  Figure 8. 
15'K t o  80°K lower than f o r  t h e  corresponding ca l cu la t ions  of F igure  7. 
None of t h e  computed sur face  temperatures are g r e a t e r  than 650°K, t h e  
h ighes t  computed va lue  being 630°K fo r  a n  H20 mixing r a t i o  of 
i n f r a red  cloud transmittance of 0.1. 

The computed su r face  temperatures are 

and a n  

%e r e s u l t s  f o r  a sur face  pressure  of 65 a t m  may be compared with 
t h e  previous r e s u l t s  f o r  20 atm. The inc rease  by a f ac to r  of more than 
th ree  i n  t o t a l  atmosphere causes an increase  i n  t h e  magnitude of t h e  
greenhouse e f f e c t  such t h a t  t h e  sur face  temperatures run about 25% higher. 

A set of computations w a s  performed t o  eva lua te  t h e  e f f e c t  of a 
completely dry atmosphere. The case 
of z = 1.0 corresponds t o  a c loudless  atmosphere i n  which t h e  e n t i r e  
weig t t  of t h e  greenhouse e f f e c t  i s  c a r r i e d  by carbon dioxide alone. 
computed su r face  temperature i n  t h i s  case i s  only 285'K. 
with increas ing  in f r a red  opacity (decreasing transmittance) i s  introduced, 

The r e s u l t s  are shown i n  Table 5. 

The 
A s  a cloud 
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TABLE 5 

COMPUTED V$NUSIAN SURFACE TEMPERATURES (OK) 
I N  THE ABSENCE OF ATMOSPHERIC WATER VAPOR 

FOR DIFFERENT CLOUD TRANSMI'IZANCES 

(100% CO2 atmosphere; surface pressure, 65  atm; 
tropospheric lapse-rate, 9OK/km; tropopause pressure, 0 .2  atm; 

cloud pressure, 0 .2  atm; T = 237OK)  e 

0.5 336 

0.1 1 474 
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0 
the  computed sur face  temperature increases  t o  a value of 474 K f o r  Tcld = 
0.1. 

Another set of computations was performed t o  evaluate  a greenhouse 
e f f e c t  produced by water vapor a lone - t h a t  is, i n  the  absence of 
atmospheric carbon dioxide. 
i n  Table 6 .  A s  t h e  water vapor mixing r a t i o  va r i e s  over two orders  of 
magnitude - from 10-3 t o  low5 
7'K, from 294'K t o  287OK. 

The computed sur face  temperatures are shown 

- t he  sur face  temperature changes only 

A s  a p a r t i a l  test of the  technique, t h e  model w a s  applied t o  Earth 
and Mars. For Earth, t h e  ac tua l  mean sur face  temperature i s  known, of 
course, and f o r  Mars, the  mean sur face  temperature can be r e l i a b l y  
estimated from ava i l ab le  theo re t i ca l  and observat ional  r e s u l t s .  Although 
the  parameters t h a t  go i n t o  the  models - such as tropopause pressure,  
cloud pressure,  t ropospheric  lapse  rate, etc. - are b e t t e r  known fo r  
Earth, and even f o r  Mars, than f o r  Venus, a comparison of computed with 
a c t u a l  sur face  temperatures gives some indica t ion  of t he  v a l i d i t y  of t he  
model. The r e s u l t s  of these  ca lcu la t ions  are sbown i n  Table 7 ,  i n  which 
the  input  parameters are l i s t e d  i n  the  upper ha l f  of t he  t a b l e  and the  
r e s u l t s  i n  the  lower ha l f .  The input  parameters of t he  column labeled 
b are representa t ive  of average conditions of cloudiness and albedo on 
Earth. A 100% cloud cover with in f r a red  t ransmit tance of 0.5 i s  assumed 
a t  a pressure of 500 mb. Radiatively,  t h i s  i s  equivalent t o  t h e  ob- 
served average of 50% cloudiness with in f r a red  cloud transmittance of 
0.0 (black body). 
observed mean sur face  temperature i s  288OK. Column a input  parameters 
include t h e  e f f e c t  of t h e  clouds on t h e  albedo, as i n  column b, bu t  
not on the  in f r a red  emission - t h a t  is, the  in f r a red  transmittance of 
the  clouds i s  assumed equal  t o  1.0. In  t h i s  case, t h e  computed sur face  
temperature drops 9OK. Column c assumes an Earth with clear skies, 
The computed sur face  temperature i s  313OK. The computation f o r  Mars, 
which y i e l d s  a sur face  temperature of 212'K, i s  i n  good agreement with 
observed ind ica t ions  of ,  and more e labora te  computations o f ,  t h e  mean 
sur face  temperature (see, f o r  example, r e f .  5). 

The computed mean su r face  temperature i s  301°K; the  

-- /I 

Another test of t he  technique can be performed by comparing our  
computed emission spectrum with ava i lab le  observations of t he  Venusian 
emission spectrum. 
1200 cm-l has recent ly  been observed by Eanel, e t  a 1  (ref.17). I n  Figure 9 
w e  compare the  recent  observations with our computed emission spectrum fo r  
the  case of surface pressure = 65 atm; water vapor mixing r a t i o  = 
100% carbon dioxide atmosphere; i n f r a red  cloud t ransmit tance = 0,l; 
tropopause and cloud pressures  of 0.2 atm; e f f e c t i v e  temperature of net  
incoming s o l a r  r ad ia t ion  = 237'K; tropospheric lapse  r a t e  9OC/km. This 

The Venusian emission spectrum between 750 c m - l  and 

e l d s  a surface temperature (710'K) and tropopause temperature 
most near ly  i n  agreement with t h e  observat ional  indicat ions of 

Hanel, e t  a l ' s  ( re f ,  17)  surface and tropopause temperature on Venus, 
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TABU 6 

COMPUTED VENUSIAN SURFACE TEMPERATURES (OK) I N  W E  ABSENCE 
OF ATMOSPHERIC CARBON DIOXIDE AND CLOUDS FOR 

DIFFERENT WATER VAPOR MIXING RATIOS, w 

(Surface pressure, 6.5 atm; tropospheric lapse-rate, 
goK/kn; tropopause pressure, 0.2 atm) 

29 2 -4  
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TABLE 7 

GREENHOUSE MODEL APPLIED TO EARTH AND MARS 

( Input  parameters are l i s t e d  i n  upper p a r t  of t ab l e ;  computed 
sur face  and tropopause temperatures i n  lower p a r t )  

\ 
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Figure 9 .  Comparison of computed Venusian emission s p e c  
&rum (hor izonta l  bars) with obse rved  s p e c t r u m  

r ep resen t  blac k-body emission tempera tu re s .  Com- 
pu ta t ions  a r e  f o r  model atmosphere of 100% CO ' 
su r face  p re s su re ,  65 a t m ;  H20 mixing r a t i o ,  dL3; 
i n f r a r e d  cloud t ransmi t tance ,  0.1;  tropospheric 
l apse  r a t e ,  g0C/km; e f f e c t i v e  temperature of n e t  
incoming s o l a r  r a d i a t i o n ,  237'K. 

( r e f .  17)  (+ + + + +) between 8 and 12p. Curves 
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0 
observations i n d i c a t e  a n  emission temperature of - 250 K compared t o  
Sinton and Strong's ( re f .  18) observations of 225OK t o  230°K; The 
agreement between the  ca lcu la ted  and t h e  observed spec t r a  i s  f a i r l y  
good, Although not shown on t h e  graph, our computed emission i n  t h e  
1100 t o  1600 cm-5 reg ion  of 0.89 w a t t s  cm'l ster-I corresponds t o  an 
emission temperature of 240°K, i n  good agreement with Hanel e t  al 's  
values between 1100 and 1200 cmml. 

Other observations of t h e  emission of Venus i n  t h i s  s p e c t r a l  reg ion  
have been mad8 ( r e f .  19-21). 
of 200 t o  225 K - lower than t h e  225OK t o  230°K observed by Sinton and 
Strong ( r e f .  18) and much lower than t h e  250°K observed by &ne1 e t  al. 
( re f .  17). These lower emission temperatures would not  be cons i s t en t  
with our ca lcu la ted  emission spectrum. 

These observers r e p o r t  emission temperatures 

Discussion and Conclusions. - The observational i nd ica t ions  of 
su r face  temperature - t h e  microwave observations and ex t rapola t ion  of t h e  
Mariner 5 and Venera 4 r e s u l t s  t o  t h e  radar  observed rad ius  of t h e  p l ane t  - 
suggest a mean sur face  temperature f o r  Venus of about 700°K. The average 
s o l a r  r a d i a t i o n  a v a i l a b l e  t o  hea t  t h e  p l ane t  and i t s  atmosphere - a f t e r  
albedo los ses  - has an  equivalent temperature of about 237'K. 
absence of a greenhouse e f f e c t ,  t h i s  would be t h e  va lue  of t h e  su r face  
temperature. This s h o r t  wavelength s o l a r  energy i s  d i s t r i b u t e d  t o  t h e  
sur face  and atmosphere by r a d i a t i v e  and dynamical processeso Energy i n  
an  amount equal t o  t h a t  received from t h e  sun i s  rad ia ted  back t o  space 
i n  t h e  form of long wavelength thermal rad ia t ion .  
model of t h e  present  study, w e  have assumed t h a t  t h e  shape o r  form of 
the  v e r t i c a l  cemperature p r o f i l e  of t h e  Venus atmosphere i s  known from 
the  Mariner 5 and Venera 4 observations. For a v a r i e t y  of model atmo- 
spheres, we then computed t h e  sur face  temperatures t h a t  l e d  t o  a balance 
of n e t  incoming s o l a r  r a d i a t i o n  and emerging thermal rad ia t ion .  
r e s u l t s  i n d i c a t e  t h a t  mean sur face  temperatures of 650°K t o  700°K can be 
maintained by t h e  greenhouse mechanism i f  t h e  su r face  pressure is  - 65 

t h e  event t h e  water vapor content i s  lower, i f  t h e  clouds are moderately 
opaque t o  in f r a red  r ad ia t ion .  These requirements and the  o ther  charac- 
t e r i s t i c s  of t he  model atmosphere used i n  t h e  ca l cu la t ions  are i n  good 
agreement with observa t iona l  i n d i c a t i o n s  of t h e  Venusian atmosphere. 
Thus, we may conclude t h a t  an e f f i c i e n t  atmospheric greenhouse due t o  
l a rge  amounts of C02, moderate amounts of H20, a su r face  pressure  of - 65 a t m ,  and a cloud layer  with moderate in f r a red  transmittance (- 0.1) 
i s  most probably respons ib le  f o r  t h e  high sur face  temperature on t h e  
p l ane t  Venus. I f  t h e  in f r a red  transmittance of t h e  cloud i s  lower than - 0.1, i f  t h e r e  i s  a l a r g e  amount of p a r t i c u l a t e  m a t t e r  i n  t he  Venusian 
atmosphere t h a t  absorbs in f r a red  r a d i a t i o n  (see r e f .  6),  o r  i f  c o l l i s i o n  - 
induced t r a n s i t i o n s  add t o  t h e  i n f r a r e d  opacity of t h e  Venusian atmo- 
sphere ( r e f .  22), t h e  w a t e r  vapor requirement becomes even less s t r ingen t .  

I n  the  

I n  t h e  greenhouse 

The 

J 
? a t m  %nd i f  w a t e r  vapor mixing r a t i o s  are of t h e  order of or ,  i n  / 
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It i s  of i n t e r e s t  t o  compare the  r e s u l t s  of t h e  present non-grey 
computations with r e s u l t s  based upon t h e  use of grey models. Calcu- 
l a t i o n s  wi th  grey models ( r e f .  3 and 5) i n d i c a t e  t h a t  an atmospheric 
i n f r a red  opac i ty  of 40 t o  60 i s  required t o  maintain a sur face  temper- 
a t u r e  of 600°K. 
transmittance by means of t he  formula 

The required opacity can be t r ans l a t ed  t o  a required 

T = 2 E3(x) 

where E i s  the  t h i r d  exponential i n t e g r a l  and x i s  t h e  required 
opac i tyO3 An opacity g rea t e r  than 40 corresponds t o  transmitgances less 
than 10-19. 
su r face  r a d i a t i o n  penet ra t ing  t o  space t h a t  arguments were presented 
aga ins t  t h e  greenhouse mechanism as t h e  explanation of t h e  high sur face  
temperature. 
l a t i o n s  wi th  t h e  above value. I n  t h e  non-grey ca l cu la t ions ,  t h e  in f r a red  
transmittance of t h e  atmosphere i s  simply t h e  f r a c t i o n  of t h e  su r face  
r a d i a t i o n  t h a t  escapes t o  space. The in f r a red  transmittances required 
of t h e  non-grey atmosphere t o  produce su r face  temperatures of * 600°K 
are orders of magnitude lower than those required i n  the  grey case. 
example, a transmittance of 10'6 i s  requi red  t o  produce a sur face  
temperature of - 600°K i n  t h e  model atmosphere with sur face  pressure  
65 atm and H20 mixing r a t i o  of 10'40 
may be dangerous t o  use  a grey model t o  i n f e r  t h e  allowable in f r a red  
transmittance of a deep, absorbing atmosphere, given i t s  sur face  
temperature. The i n f e r r e d  transmittance may d i f f e r  q u i t e  considerably 
from t h e  a c t u a l  non-grey transmittance., 

It w a s  on t h e  bas i s  of such a small allowable f r a c t i o n  of 

W e  can compare t h e  transmittance f o r  t h e  non-grey calcu- 

For 

These r e s u l t s  suggest t h a t  it 

It i s  i n t e r e s t i n g  t o  note  t h a t  i t  takes both C02 and H20 t o  produce 
t h e  l a rge  greenhouse e f f e c t .  
temperatures of only * 300°K. 
windows i n  t h e  in f r a red  spectrum. But together,  i n  t h e  q u a n t i t i e s  
observed on Venus, they blanket t he  i n f r a r e d  spectrum. 

One without t h e  o ther  would produce sur face  
The reason f o r  t h i s  i s  t h a t  each gas has 
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MEAN VERTICAL TEMPERATURE: PROFILE OF VENUSIAN 
ATMOSPHERE: TJBORETICAL CALCULATIONS BASED UPON 

RADIATIVE: EQUILIBRIUM 

ABSTRACT 

Mean r a d i a t i v e  equilibrium temperature p r o f i l e s  are ca lcu la ted  f o r  
t he  Venusian atmosphere. It i s  assumed t h a t  t h e  equilibrium i s  t h e  r e s u l t  
of gaseous absorption and emission, and a non-grey transmittance model i s  
used. 
nique. The assumed model atmosphere c o n s i s t s  of 100% carbon dioxide with 
a trace - - of water vapor. Calculations are performed fo r  two 
su r face  pressure  models - 20 a t m  and 65 a t m .  For t h e  20 a t m  model, t h e  
computed r a d i a t i v e  equilibrium sur face  temperature i s  490*K; f o r  t h e  65 
a t m  model, 676OK. The r a d i a t i v e  equilibrium temperature p r o f i l e  fo r  t h e  
65 a t m  model i s  i n  general  agreement wi th  the  observational i nd ica t ions  
of t he  Venusian temperature p r o f i l e ,  

The equilibrium temperatures are computed with an i t e r a t i o n  tech- 
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INTRODUCTION 

The f i r s t  observational i nd ica t ions  of t h e  v e r t i c a l  temperature 
p r o f i l e  of t h e  Venusian atmosphere are based upon t h e  measurements of 
Mariner 5 and Venera 4 ,  and are shown i n  Figure 1 ( a f t e r  r e f .  1). They 
i n d i c a t e  t h a t  t he  temperature decreases with a l t i t u d e  a t  a lapse- ra te  of 
about 9'K/km t o  an a l t i t u d e  of about 60 km, above which it remains 
approximately constant a t  about 250°K. 
t h e  level reached by Venera 4 i s  uncertain,  as ind ica ted  by the  dot ted  
ex t rapola t ion  l i nes .  Two i n t e r e s t i n g  f ea tu res  of t h e  observed p r o f i l e  
are: 
ad iaba t i c  l apse  rate, and 2) t h e  approximately isothermal region capping 
t h e  lower atmosphere. 
duced by r a d i a t i v e  and convective processes, suggesting t h a t  t h e o r e t i c a l  
ca l cu la t ions  of t h e  vertical  temperature s t r u c t u r e  with a r ad ia t ive -  
convective model should be q u i t e  u se fu l  f o r  s t u d i e s  of t h e  Venusian thermal 
s t ruc tu re .  
l ibrium model and perform ca lcu la t ions  of t he  mean r a d i a t i v e  equilibrium 
temperature p r o f i l e  i n  t h e  Venusian atmosphere. 

The temperature p r o f i l e  below 

1) t h e  lapse- ra te  of 9OK/km, which i s  approximately equal t o  t h e  

Both are t y p i c a l  of a temperature p r o f i l e  pro- 

I n  t h e  present  study w e  develop a non-grey r a d i a t i v e  equi- 

Radiative equilibrium temperature p r o f i l e s  have been ca lcu la ted  pre- 
v ious ly  f o r  Venus ( r e f .  2-5). Mintz ( r e f .  2), and Hanel and Bartko ( r e f .  
3)  conf&n& 
top pressure  taken as a few t en ths  of an  atmosphere). Jastrow and Rasool 
( r e f ,  4 )  used the  Eddington approximation f o r  a grey atmosphere, while 
Samuelson's ca l cu la t ions  ( r e f .  5) were based upon r a d i a t i v e  equilibrium 
i n  a p a r t i c u l a t e  medium. 
r a d i a t i v e  model used t o  c a l c u l a t e  the temperature p r o f i l e  of t he  e n t i r e  
atmosphere. 
mittance model and are based upon atmospheric compositions and sur face  
pressures derived mainly from the  recent  Mariner 5 and Venera 4 obser- 
vations.  

t h e i r  ca l cu la t ions  t o  t h e  region above the  cloud l aye r  (cloud 

I n  none of t h e  previous work i s  a non-grey 

The present  computations use  a non-grey in f r a red  t rans-  
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RADIATIVE EQUILIBRIUM MODEL 

, 

I n  t h e  present  model, we assume t h a t  r a d i a t i v e  equi l ibr ium i s  es- 
t ab l i shed  as a r e s u l t  of gaseous absorp t ion  and emission. 
clouds and p a r t i c u l a t e s  w i l l  be introduced i n  later models.) The upward 

(The e f f e c t  of 

and downward 
i n t e r v a l  r 

i n f r a r e d  f luxes  of r a d i a t i o n  a t  a l e v e l  i i n  a s p e c t r a l  
can be w r i t t e n  as 

1 
r 

where B i s  t h e  black-body f l u x  i n  tihe s p e c t r a l  i n t e r v a l ,  z i s  t h e  f l u x  
t ransmir tance  of 
N t o  t h e  top  of t h e  atmosphere. r t h e  l aye r  between t h e  su r face  and l e v e l  i; T ( i , N )  r ep resen t s  t h e  t rans-  
mi t tance  between t h e  top of t h e  atmosphere agd l e v e l  i. 
f ra red  f l u x  a t  level i, F (i), i s  obtained by summing (1) and (2) over 
a l l  s p e c t r a l  i n t e r v a l s  and %Etrac t ing  t h e  downward f l u x  from t h e  upward 
flux. 

t h e  s p e c t r a l  i n t e r v a l ,  s r e f e r s  t o  t h e  p lgne t  s sur face ,  
T ( i ,s )  r ep resen t s  t h e  t ransmi t tance  of 

The t o t a l  in-  

r r 

The s o l a r  r a d i a t i o n  i n t e n s i t y  a t  l e v e l  i i n  t h e  s p e c t r a l  i n t e r v a l  r i s  
given by 

I r ( i )  = I r ( N )  Q cos 5 zr(i,N) - (1-A)  ( 4 )  

where I (N) i s  t h e  s o l a r  r a d i a t i o n  i n t e n s i t y  i n  s p e c t r a l  i n t e r v a l  r a t  
t h e  toprof t h e  atmosphere, ( i s  t h e  zen i th  angle  of t h e  sun, and A i s  t h e  
p lane tary  albedo. T r ( i , N )  i n  t h e  s o l a r  r a d i a t i o n  c a l c u l a t i o n  i s  computed 
f o r  t h e  s l a n t  path. The t o t a l  i n t e n s i t y  of s o l a r  r a d i a t i o n  a t  i, I(i), is 
obtained by summing over a l l  i n t e r v a l s  of t h e  s o l a r  spectrum. 



I n  r a d i a t i v e  equilibrium, the  ne t  i n f r a red  f lux  balances t h e  s o l a r  
r a d i a t i o n  i n t e n s i t y  a t  each l e v e l  i n  t h e  atmosphere. 

This implies t h a t  t he  r a d i a t i v e  rate of temperature change a t  each l e v e l  
i s  equal t o  zero. 

where g i s  the  g r a v i t a t i o n a l  acce le ra t ion ,  p i s  pressure,  and c i s  
t h e  s p e c i f i c  hea t  a t  constant pressure.  P 

The problem i s  t o  determine the  temperature p r o f i l e  t h a t  s a t i s f i e s  
Equations (6) and (7). 

I n i t i a l l y ,  we used t h e  t i m e  marching method of computing r a d i a t i v e  
equilibrium temperatures ( r e f .  6). The computational procedure i s  q u i t e  
simple. An i n i t i a l  temperature p r o f i l e  i s  assumed. Radiative rates of 
temperature change f o r  a l l  layers  are computed from the  f i n i t e  d i f f e rence  
analog of (7).  These rates are applied f o r  a t i m e  s t e p  At : to  ob ta in  new 
temperatures f o r  t he  atmospheric layers.  The new sur face  temperature i s  
computed from t h e  r a d i a t i v e  balance a t  the  p lane tary  sur face  

i 

a Ts4 = F(s)J, I- I(s) (8) 

The process i s  repeated u n t i l  t h e  r a d i a t i v e  rates of temperature change 
are negl ig ib ly  s m a l l .  W e  found, however, t h a t  t h i s  procedure w a s  in -  
e f f i c i e n t .  A small t i m e  s t e p  w a s  required t o  keep t h e  computations s t a b l e  
and t h i s  r e su l t ed  i n  an ino rd ina te ly  l a r g e  number of i t e r a t i o n s  t o  a r r i v e  
a t  the  f i n a l  temperature p ro f i l e .  Various smoothing measures increased 
the  s t a b i l i t y  of t h e  computations, but the  process remained b a s i c a l l y  
i n e f f i c i e n t ,  As a r e s u l t ,  another method fo r  computing r a d i a t i v e  equi l -  
ibrium temperatures w a s  derived, t e s t ed ,  and adopted for  t h e  ca lcu la t ions .  
This method i s  described below. 

The s o l a r  r a d i a t i o n  f lux  a t  each l eve l ,  I(i), is  not a func t ion  of 
temperature (except f o r  a minor e f f e c t  due to t he  temperature dependence 
of t h e  transmittance) and can thus be computed once and f o r  a l l  f o r  a 
p a r t i c u l a r  s o l a r  zen i th  angle, albedo, and atmospheric composition and 
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pressureso  A t  equilibrium, F 
Equation (6). Thus, w e  know Ee equilibrium values of F (i)e From 
t h i s  information, w e  would l i k e  t o  determine t h e  e q u i l i b & n  tempera- 
t u r e s  T ( i ) .  
by an i t e r a t i v e  process t h a t  co r rec t s  t h e  temperatures u n t i l  equilibrium 
is  reached. 
represents  t h e  n t h  z b z a t i a n  and compute F ~ e t  (i). W e  assume, f o r  our 
cor rec t ion  procedure, mal: me n e t  i n f r a red  flux a t  t h e  level i i s  due 
mainly t o  t h e  r a d i a t i o n  f luxes  emitted by t h e  layers  adjacent t o  i, and, 
f a r t h e r ,  t h a t  t h e  emission i s  propor t iona l  t o  t h e  four th  power of t h e  
temperature. Thus, f o r  our co r rec t ion  procedure, w e  assume 

(i) must equal I(i), as shown i n  t 

We can a r r i v e  a t  t h e  equilibrium temperature p r o f i l e  T( i )  

We start  with an  assumed temperature p r o f i l e  Tn( i ) ,  where n n 

Fnet (i) * [ T ( i I 4  - T ( i  f 1)4]  

where t h e  index i, when used with temperature, r e f e r s  t o  t h e  tempera- 
t u r e  of t h e  layer immediately below t h e  l e v e l  i. 
leads t o  t h e  following co r rec t ion  procedures 

This assumption 

and 

A new temperature a t  i t e r a t i o n  (114-1) a t  t h e  top layer,  N, of t h e  atmo- 
sphere, i s  computed from cor rec t ion  Equation ( l o ) ,  New temperatures a t  
i t e r a t i o n  (Ill-1) a t  successive lower l aye r s  i i n  t h e  atmosphere are com- 
puted from cor rec t ion  Equation (11). 
u n t i l  t h e  d i f f e rence  between t h e  n e t  i n f r a r e d  f lux  and the  s o l a r  f l ux  
a t  each l e v e l  i s  less than a f r a c t i o n  E of t h e  s o l a r  f l ux  a t  t h a t  level.  

The e n t i r e  process i s  repeated 

This new i t e r a t i o n  scheme has proven t o  be extremely s t a b l e  and 
provides rap id  convergence t o  &he equilibrium temperature p r o f i l e .  
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Although t h e  assumed dependence of n e t  i n f r a red  f lux  on temperature i n  
t h e  co r rec t ion  procedure i s  b a s i c a l l y  v a l i d  only f o r  o p t i c a l l y  th ick ,  
grey atmospheres, t h e  scheme has a l s o  worked w e l l  when applied t o  Earth 
and Mars, as w i l l  be shown later. 
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TRANSMITTANCE AND ATMOSPHJ3RIC MODELS 

Absorption and emission by carbon dioxide and water vapor a r e  
considered i n  t h e  ca lcu la t ions .  We adopt t h e  same transmittance model 
a s  was used i n  Pa r t  1 of t h i s  technica l  r epor t ,  which is based upon t h e  
Bartko and Hanel (ref.  3) strong l i n e  f i t s  t o  a v a i l a b l e  labora tory  and 
t h e o r e t i c a l  transmittance data,  I n  t h i s  model, t h e  wavenumber range 
0-8000 cm-l  i s  divided i n t o  1 7  s p e c t r a l  intervals. 
r a d i a t i o n  takes  place i n  s p e c t r a l  i t e r v a l  16 (2000-2600 cm-l) and 
s p e c t r a l  i n t e r v a l  1 7  (2600-8000 cm- ). A t  wavenumbers g r e a t e r  than 
8000 cm-l, it i s  assumed t h a t  no s o l a r  energy i s  absorbed i n  t h e  atmo- 
sphere. A l l  seventeen s p e c t r a l  i n t e r v a l s  cont r ibu te  t o  t h e  inf ra red  
emission. 

Absorption of s o l a r  

f 

The model atmosphere is  assumed t o  be composed of 100% C02 with an 
H20 mixing r a t i o  of 10-5, 
pressures - 20 atm and 65 atm. The former i s  based upon t h e  hypothesis 
t h a t  Venera reached t h e  sur face  of Venus, t h e  l a t t e r  upon the  hypothesis 
t h a t  it d id  not (see, f o r  example, re f .  7). 

Calculations are performed f o r  two sur face  
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RESULTS 

The r a d i a t i v e  t r a n s f e r  equations are in t eg ra t ed  numerically by 
d iv id ing  t h e  atmosphere up i n t o  a number of l aye r s  a t  constant pressure  
thickness. Several computations were performed t o  determine t h e  mini- 
mum number of l aye r s  required t o  y i e l d  reasonably accura te  estimates of 
t h e  su r face  temperature and v e r t i c a l  temperature p r o f i l e .  
computations weze performed f o r  an atmospheric model with sur face  pressure  
of 20 a t m  and water vapor mixing r a t i o  of 10-5. 
was taken as 45O, which would make t h e  r e s u l t i n g  temperature p r o f i l e  
t y p i c a l  of t h e  average day-side equa to r i a l  region. 
was var ied  from 10 t o  80, t he  corresponding pressure  thickness of each 
layer  from 2 t o  0.25 a t m .  
meters and the  computed sur face  temperature f o r  t hese  (Exps. 100 t o  103) 
and o ther  experiments conducted during the  study. I n  t h i s  Table, ps i s  
the  su r face  pressure,  C02 and H20 are t h e  r e l a t i v e  C02 and H20 concentrations,  
[ i s  t h e  s o l a r  zen i th  angle, N i s  t h e  number of atmospheric l aye r s  used 
i n  t h e  i n t e g r a t i o n  of t h e  r a d i a t i v e  t r a n s f e r  equations, Ap i s  t h e  
pressure thickness of each atmospheric layer ,  E: i s  t h e  convergence 
c r i t e r i o n ,  and Ts is  t h e  computed sur face  temperature. 

These 

The s o l a r  zen i th  angle 

The number of layers  

Table 1 contains a l is t  of t h e  input  para- 

TABLE 1 

PARAMETERS AND COMPUTED SURFACE !kMl?ERATURES 
OF RADIATIVE EQUILIBRIUM EXPERIMENTS 

100 

101 

102 

103 

104 

105 

106 

Mars 1 

Earth 1 

20 

20 

20 

20 

20 

65 

65 

0.01 

1 4  

1.0 0.707 

1.0 lom5 0.707 

1.0 0.7 07 

1.0 0.707 

1.0 Q25 

1.0 Q25 

1.0 0,25 

1,O 3 . 7 3 ~ 1 0 ~ ~  Q25 

5x10m4 3 x 0,25 

20 

10 
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0 0 The computed sur face  temperatures increase  from 503 K t o  608 K as 
the  number of layers  increases  from 10 t o  80. The reason fo r  t h i s  
cen ters  around the  l a rge  amounts of absorbing gas - p a r t i c u l a r l y  CO but  

op t i ca  H!to ly th ick .  Thus, an e r r o r  i s  made i n  t h e  i n t e g r a t i o n  of t h e  rad ia-  
t i v e  t r a n s f e r  equation i f  one d iv ides  t h e  atmosphere i n t o  such layers  f o r  
purposes of numerical in tegra t ion .  For example, t h e  downward f lux  of in -  
f ra red  r a d i a t i o n  a t  t h e  sur face  i s  given by 

1 

2, - i n  each layer. Layers 2 a t m ,  1 a t m ,  and even 0.5 a t m  are 

I f  t h e  temperature p r o f i l e  i s  isothermal i t  i s  obvious t h a t  no matter how 
many layers  are used t o  eva lua te  the  i n t e g r a l  i n  Equation (13), t he  
answer w i l l  be t h e  same. However, i f  t h e r e  i s  a temperature lapse  rate, 
and i f  t h e  atmosphere i s  o p t i c a l l y  t h i c k  i n  t h e  in f r a red ,  then t h e  com- 
puted value of t h e  i n t e g r a l  w i l l  be i n  e r r o r ,  i f  t h e  number of l aye r s  
used i s  too s m a l l .  Qual i ta t ive ly ,  t h i s  can be seen by the  following 
argument. 
1 atmosphere thickness i s  o p t i c a l l y  t h i c k  (say, less than 1% inf ra red  
transmittance).  This implies that 99% of t h e  cont r ibu t ion  t o  the  down- 
ward i n f r a r e d  f lux  of r a d i a t i o n  a t  t h e  su r face  would come from t h e  f i r s t  
l ayer  of 1 a t m  thickness adjacent t o  t h e  surface.  I f  one d iv ides  such 
a n  atmosphere i n t o  l aye r s  of 2 a t m  thickness t o  vevaluate Equation (13),  
t he  downward f lux  a t  t h e  sur face  would now be dependent upon the f i r s t  
l ayer  of 2 a t m  thickness ad jacent  t o  t h e  surface. 
decreases wi th  a l t i t u d e ,  t h e  downward f l u x  would be lower f o r  t h e  com- 
puta t ion  with Ap = 2 a t m  than f o r  the  case with Ap = 1 a t m .  

Suppose one i s  dea l ing  with an  atmosphere i n  which a layer  of 

I f  t h e  temperature 

This i s  e s s e n t i a l l y  what i s  happening i n  our computations f o r  Venus. 

Since t h e  downward f l u x  of i n f r a red  energy i s  a dominant 
For t h e  higher values of Ap, t he  downward f l u x  a t  t h e  sur face  i s  being 
underestimated. 
f ac to r  i n  t h e  sur face  energy budget on Venus, t h e  su r face  temperature i s  
underestimated. 

Figure 2 shows a p l o t  of t h e  computed sur face  temperature versus t h e  

of layers  beyond 80, or  Ap below 0.25 a t m ,  wouLd not s u b s t a n t i a l l y  change 
t h e  computed sur face  temperature. 

number of layers.  This graph suggests t h a t  f u r t h e r  increase  i n  t h e  number qQ8 : >  

One should be a b l e  t o  f i x  t h e  value of Ap t o  be used f o r  such in -  
t eg ra t ions  by examining t h e  in tegra ted  i n f r a r e d  transmittance as a function 
of Ap. Table 2 shows such in tegra ted  transmittances fo r  atmospheric 
l aye r s  aontaining 100% co 
20 a t m ,  and temperature o$’500°K. 

water vapor mixing r a t i o  of 10-5, pressure  of 
They are computed from 

r 
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Figure 2, Computed Venusian su r face  temperature a s  a func t ion  of  
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TABLE 2 

INTEGRATED INFRARED TRANSMITTANCE (7) FOR 
DEFERENT PRESSURE THICKNESSES (Ap) 

-5 (C02 = 1.0, H20 = 10 , p = 20 atm, T = 50OoK) 

AP (a im)  , 

0.2  

0.4 

0.6 

0.8 

1.0 

1.4 

1.8 

2.2 

2.6 

3.0 

b.20 

,O. 13 

0.10 

0 -083 

0 -069 

0.051 

0 -040 

0.032 

0.027 

0.022 
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Table 2, taken together with the  conclusion drawn from Figure 2, suggests 
t h a t  the  in tegra ted  transmittance of each layer  should be about .10 or  
more f o r  reasonably accura te  (within 5%) ca l cu la t ions  of t h e  r a d i a t i v e  
equilibrium temperature of t h e  Venusian surface. 

The complete v e r t i c a l  temperature p r o f i l e s  fo r  these  four cases are 
p lo t t ed  i n  Figure 3,  
upper layers ,  i nd ica t ing  t h a t  t h e  major e r r o r s  r e s u l t i n g  from too s m a l l  
a value of N are confined t o  t h e  sur face  and lower atmosphere tempera- 
tures. 

It can be seen t h a t  t h e  temperatures converge i n  t h e  

We may take  t h e  N = 80 temperature p r o f i l e  as t h e  r a d i a t i v e  equi l -  
ibrium temperature p r o f i l e  f o r  t h i s  caseo The r a d i a t i v e  equilibrium 
temperature p r o f i l e  i s  uns tab le  ( lapse  rate g rea t e r  than ad iaba t i c  l apse  
rate) i n  t h e  lower atmosphere. Convection would take  place,  r e s u l t i n g  
i n  a modified temperature p r o f i l e ,  Nevertheless, it is  i n t e r e s t i n g  t o  
note  t h e  high sur face  temperature (600OK) t h a t  would p r e v a i l  i n  pure 
r a d i a t i v e  equilibrium due t o  gaseous absorption and emission on Venus, 

Figure 4 shows the  r a d i a t i v e  equilibrium temperature p r o f i l e  com- 
puted f o r  cos 5 = 0.25. This value of cos5 would represent  t he  ayerage 
planetary i n s o l a t i o n  conditions;  thus, t he  computed temperatures can be 
thought of as a mean Venusian r a d i a t i v e  equilibrium temperature p r o f i l e .  
The computed sur face  temperature of 490°K i s  w e l l  below the  observed 
average su r face  temperatures of 650°K t o  700°K. 

Calculations with a sur face  pressure  of 65 a t m  are shown i n  Figure 
5. 
temperature of 700°K and pressure  of-65 a t m ,  a transmittance of 0.10 
occurs f o r  a layer  of thickness Ap = 0.4 a t m .  The number of layers ,  
160, used i n  t h i s  ca l cu la t ion  in su res  t h a t  no layer  has an in tegra ted  
transmittance less than 0.10. The computed sur face  temperature i s  then 
within 5% of t h e  sur face  temperature t h a t  would be computed with an  
i n f i n i t e  number of layers.  I n  con t r a s t  t o  t h e  20 a t m  c a s e , % t h e  computed 
sur face  temperature of 676'K i s  c lose  t o  t h e  observed mean sur face  
temperature of Venus. Also p lo t t ed  i n  Figure 5 i s  the  temperature 
p r o f i l e  observed by Mariner 5/Venera 4, extrapolated t o  the  probable 
sur face  ( a f t e r  r e f .  7).  
i n  ad iaba t i c  equilibrium up t o  0.2 a t m .  
i a t i v e  equilibrium p r o f i l e  i s  q u i t e  similar t o  the  observed p r o f i l e .  
The r a d i a t i v e  equilibrium p r o f i l e  i s  superadiaba t ic  i n  t h e  lower atmo- 
sphere and the  r a d i a t i v e  equilibrium temperatures are more than 100°K 
lower than the  observed temperatures i n  t h e  middle atmosphere. However, 
t he  c lose  agreement between the  observed and computed p r o f i l e  i s  en- 
couraging and suggests t h a t  the  r a d i a t i v e  processes considered i n  the  
present model do predominate on Venus. 

Analysis of i n t eg ra t ed  in f r a red  transmitfaqces ind ica t e s  t h a t  a t  a 

The Mariner 5/Venera 4 p r o f i l e  i s  approximately 
The shape of t h e  computed rad- 

It i s  of i n t e r e s t  t o  compare t h e  present non-grey r a d i a t i v e  equi l -  
ibrium temperature p r o f i l e  with those computed f o r  a grey atmosphere. 
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The Eddington approximation leads t o  t h e  following formulas fo r  temper- 
a t u r e  as a function of i n f r a red  opacity,  X, and e f f e c t i v e  temperature of 
t he  ne t  incoming s o l a r  r ad ia t ion ,  T . e 

I n  Equation (14), T ( s )  i s  the  sur face  temperature and X ( s )  i s  t h e  t o t a l  
i n f r a red  opacity of t he  atmosphere. I n  Equation (15), T(p) and X(p) 
represent  t he  temperature and i n f r a r e d  opac i ty  as functions of pressure. 
Two methods have been used i n  t h e  p a s t  t o  determine the  value of X ( s ) .  
I n  the  f i r s t  method, an estimate of t h e  in f r a red  transmittance, ~ ( s ) ,  of 
the  atmosphere i s  obtained from i t s  expected composition and sur face  
pressure. T h i s  i s  converted t o  an opacity with t h e  use of t he  r e l a t i o n  

T(S)  = 2E3 [X(s)l, (16) 

where E i s  the  t h i r d  exponential i n t e g r a l .  I n  t h e  second method, X(s) 
i s  assumed t o  be t h a t  va lue  computed from Equation (14) t h a t  y i e l d s  t h e  
observed sur face  temperature on Venus. I n  Figure 6 w e  compare our non- 
grey computation of t he  mean r a d i a t i v e  equilibrium temperature p r o f i l e  
fo r  Venus with grey ca l cu la t ions  using both methods. 
method, w e  ob ta in  our estimate of t h e  t o t a l  i n f r a r e d  transmittance of 
t h e  atmosphere from t h e  f r a c t i o n  of t h e  sur face  r a d i a t i o n  t h a t  escapes 
t o  space i n  our non-grey ca lcu la t ion ,  1 x This corresponds t o  an 
in f r a red  opacity of about 10. 
red opac i ty  of 87 computed from Equation (14) f o r  T = 237'K (mean 
planetary in so la t ion )  and T(s )  = 676'K, t h e  r e s u l t  8f our non-grey 
ca lcu la t ion .  To eva lua te  Equation (15), w e  assume, i n  both cases,  
t h a t  t he  i n f r a r e d  opacity i s  d i r e c t l y  propor t iona l  t o  pressure. It i s  
q u i t e  obvious t h a t  the  f i r s t  method ( in f r a red  opac i ty  = 10) gross ly  
underestimates t h e  sur face  temperature. The grey atmosphere p r o f i l e  
t h a t  i s  e s s e n t i a l l y  ca l ib ra t ed  by our computed sur face  temperature 
( in f r a red  opacity = 87) i s  i n  reasonable agreement with t h e  non-grey 
ca lcu la t ion .  

3 

For t h e  f i r s t  

For t h e  second method, we ob ta in  an  i n f r a -  

A s  a p a r t i a l  check of t he  method, and as a test of t he  i t e r a t i o n  
technique i n  o p t i c a l l y  t h i n  atmospheres, mean r a d i a t i v e  equilibrium 
temperature p r o f i l e s  were computed f o r  Earth and Mars. Forty layers  
were used f o r  t h e  ca l cu la t ions  i n  both atmospheres, and t h e  r e s u l t s  are 
p lo t t ed  i n  Figures 7 and 8. The H 0 mixing r a t i o  f o r  Earth w a s  chosen 2 t o  y i e ld  a p r e c i p i t a b l e  water vapor content of about 3 cm, The 
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agreement between the  computed r a d i a t i v e  equilibrium p r o f i l e  and t h e  
mean observed temperature p r o f i l e  (standard atmosphere) fo r  Earth must 
be considered good, i n  view of t h e  f a c t  t h a t  clouds, ozone, and t h e  
decrease of water vapor mixing r a t i o  with a l t i t u d e  are not included i n  
the  model. The r a d i a t i v e  equilibrium temperatures are lower than the  
a c t u a l  temperatures i n  t h e  s t r a tosphe re  f o r  two reasons: 1) t h e  
neglect of ozone, whose absorption of s o l a r  r a d i a t i o n  hea ts  t he  s t r a t o -  
sphere, and 2) too high a water vapor mixing r a t i o  i n  the  s t r a tosphe re  
( 3 x 10-3 versus an observed amount of - lom6), which increases  t h e  
in f r a red  cooling, and hence lowers t h e  temperature of t h i s  region. 

The ca l cu la t ion  f o r  Mars i s  i n  exce l l en t  agreement with previous 
r a d i a t i v e  equilibrium ( r e f .  8) and radiative-convective equilibrium 
ca lcu la t ions  ( r e f .  9 )  using the  Rodgers and Walshaw ( r e f .  10) i n f r a red  
transmittance model and t h e  t i m e  marching method. 
and Mars lend Gonfidence to t he  r e s u l t s  f o r  Venus and va l ida t e  t h e  
i t e r a t i o n  technique €or o p t i c a l l y  t h i n  atmospheres, 

The ' resu l t s  f o r  Earth 

1 
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DISCUSSION AND CONCLUSIONS 

Comparison of t he  r a d i a t i v e  equilibrium temperature p r o f i l e  f o r  t h e  
65 a t m  model with the  observed temperature p r o f i l e  f o r  Venus suggests 
t h a t  t he  r a d i a t i v e  processes included i n  t h e  model cont ro l ,  t o  a l a rge  
ex ten t ,  t h e  temperature s t r u c t u r e  of t h e  Venusian atmosphere. However, 
t he re  are a number of processes t h a t  have not been included i n  t h e  
present computations which would a c t  t o  modify t h e  computed p ro f i l e .  
s h a l l  at tempt t o  d iscuss  t h e  q u a l i t a t i v e  e f f e c t  of including these  pro-. 
cesses. 

W e  

The computations of Samuelson ( r e f .  5) suggest t h a t  t he  inc lus ion  of 
p a r t i c u l a t e  clouds would increase  t h e  greenhouse e f f e c t  over t h a t  f o r  t h e  
purely gaseous absorbing atmosphere considered here. Thus, inc lus ion  of 
p a r t i c u l a t e  s c a t t e r i n g  and absorption processes would tend t o  increase  
t h e  su r face  temperature. 

The computed r a d i a t i v e  equilibrium temperature lapse  rate i s  un- 
s t a b l e  i n  t h e  lower atmosphere. Convection wauld take  place, t r a n s f e r r i n g  
hea t  from su r face  t o  atmosphere, and causing a decrease i n  t h e  sur face  
temperature. Thus, i nc lus ion  of convective processes would tend t o  
decrease t h e  sur face  temperatures. 

-5 There are a l s o  a number of unce r t a in t i e s  concerning t h e  input  
parameters. For example, t h e  assumed water vapor mixing r a t i o  of 10 , 
although wi th in  an order of magnitude of t he  genera l ly  low values ob- 
tained from Earth based spectroscopic observations ( r e f .  11) i s  1/100 t o  
1/700 of t h a t  measured d i r e c t l y  by Venera 4 ( r e f .  12). Any increase  i n  
the  water vapor mixing r a t i o  would inc rease  t h e  greenhouse e f f e c t ,  and, 
hence, t h e  sur face  temperature. Also, an increase  i n  water vapor mixing 
r a t i o  would increase  t h e  in f r a red  cooling of t h e  upper atmosphere and 
tend t o  lower t h e  r a d i a t i v e  equilibrium temperatures i n  t h i s  region. 
The sur face  pressure may be even higher than 65 a t m ,  perhaps more than 
100 a t m  ( r e f .  13). Any increase  i n  su r face  pressure  would tend t o  in- 
crease t h e  greenhouse e f f e c t ,  and hence, t he  r a d i a t i v e  equilibrium 
sur face  temperature. 

There i s  uncer ta in ty  concerning t h e  v a l i d i t y  of t he  in f r a red  
transmittance yodel a t  t h e  high pressures and long carbon dioxide path 
lengths ( - 10 atm-cm) of t he  Venus atmosphere. No one has measured 
in f r a red  transmittances a t  these  elevated pressures and path lengths. 

and path lengths, although founded i n  theory, has not been experimentally 
ve r i f i ed .  I n  addi t ion ,  coll ision-induced sources of i n f r a red  opacity 
are not included i n  t h e  present  i n f r a r e d  transmittance model. 
of these  coll isian-induced t r a n s i t i o n s  would increase t h e  greenhouse 

Thus, t h e  extension of t h e  s t rong  l i n e  absorption law$tO higher pressures J ,  .,’ 

Inc lus ion  

e f f e c t  and sur face  temperature.jf - 
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Despi te  t he  omission of p o t e n t i a l l y  important processes and uncer- 
t a i n t i e s  i n  the  input  parameters, t he  good agreement between t h e  computed 
r a d i a t i v e  equi l ibr ium temperature p r o f i l e  and t h e  observed p r o f i l e  
suggests  t h a t  w e  have captured t h e  e s s e n t i a l  physics of t he  thermal 
s t r u c t u r e  problem f o r  Venus. 
e f f e c t s  discussed above, w e  p l an  to incorpora te  such processes a s  
convection, and s c a t t e r i n g  and absorp t ion  due to p a r t i c u l a t e  matter and 
t h e  cloud l a y e r  i n  f u t u r e  refinements of t h e  model. I n  addi t ion ,  w e  
plan to compute t h e  l a t i t u d i n a l  and long i tud ina l  v a r i a t i o n s  of t h e  
temperature p ro f i l e .  

To eva lua te  q u a n t i t a t i v e l y  some of t h e  
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INFRARED TRANSMITTANCE MODEL FOR PLANETARY ATMOSPHERES 
RESEARCH: EMPIRICAL FITS TO P U S S '  C02 AND H20 

TRANSMITTANCE TABLES 

ABSTRACT 

Transmittance t a b l e s  fo r  carbon dioxide and w a t e r  vapor, computed 
from a quasi-random band transmission model by P lass  and co-workers, are 
f i t ,  by least squares techniques, t o  a ge e r a l i z a t i o n  of t he  s t ronf  l i n e  
absorpt ion l a w ,  The f i t s  a r e  f o r  100 m i n t e r v a l s ,  from 500 cm- t o  
10,000 cm'l fo r  C02, and from 1000 cm-E f o r  H20. For COz, the  path 
length range covered i s  lo3 t o  2.37 x lo7 atmo-cm, and the  pressure 
range i s  0.1 fo r  31 atm. For H20, t h e  path length range covered i s  lom3 
t o  50 p rec ip i t ab le  cm, and the pressure range i s  0.1 t o  1 a t m .  For both 
C02 and H20, the  temperature range i s  200 t o  300°K. Comparison of t he  
empir ical  f i t s  with the  o r i g i n a l  da ta  ind ica t e s  t h a t  t h e  path length and 
pressure dependence of t h e  transmittance are being f i t  q u i t e  w e l l ,  but  
t h a t  t he  temperature dependence could be impawed upon. Overall root- 
mean-square d i f fe rence  between empir ical ly  f i t  and o r i g i n a l  transmittances 
i s  0.10. 

-? 
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INTRODUCTION 

I n  r a d i a t i v e  ca l cu la t ions  f o r  p lane tary  atmospheres, i t  i s  des i r -  
ab le  t o  have a simple transmittance formula t h a t  i s  appropr ia te  f o r  t h e  
range of abosrber path lengths and pressures occurring i n  the  p a r t i c u l a r  
planetary atmosphere. 
C02 amounts, and sur face  pressures of t h e  Ea r th ' s  atmosphere. However, 
t he re  are no a v a i l a b l e  t r ansmi t t  nce models t h a t  cover the  range of C02 
path lengths (of t h e  order of 10 atmo-cm) and pressures ( t ens  of atmo- 
spheres) found on Venus. The transmittance models of Bartko and Hanel 
( r e f .  l), which we have used i n  our ca l cu la t ions  f o r  Venus, are based 
upon f i t t i n g  a s t rong  l i n e  absorption l a w  t o  laboratory and ca lcu la ted  
transmittance data. The laboratory and ca lcu la ted  transmittance da t a  
used f o r  t hese  f i t s  do not include values comparable t o  those l i s t e d  
above. 
transmittance models because t h e o r e t i c a l l y  t h e  s t rong  l i n e  absorption 
l a w  should a l s o  apply t o  t h e  higher C02 amounts and sur face  pressures 
appropr ia te  f o r  Venus. To check on t h i s ;  t o  develop an in f r a red  t rans-  
mittance model based upon calculated transmittances t h a t  include C02 
path lengths and pressures appl icable  t o  Venus ( r e f .  2);  and t o  provide 
the  c a p a b i l i t y  f o r  r ap id ly  computing transmittances of CO2 and H20 a t  
100 cm-1  r e s o l u t i o n  from 500 t o  10,000 cm'l, w e  have empirically f i t  
t he  extensive CO and H20 transmittance t ab le s  computed by Plass  and 
h i s  co-workers. 'Although Venus i s  the  immediate j u s t i f i c a t i o n  f o r  
t h i s ,  t h e  CO and H20 transmittance d a t a  assembled and punched on cards 
can a l s o  be processed, using techniques similar t o  t h a t  described below, 
f o r  ranges of absorber path lengths and sur face  pressures appl icable  t o  
o ther  p l ane t s  - Mars and Earth, f o r  example. 

Many such models are a v a i l a b l e  fo r  t h e  H20 and 

7 

However, w e  can j u s t i f y  the  extrapolated use  of t he  Bartko/Hanel 

2 
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FITTING PROCEDURE 

S t u l l ,  e t  a l ,  ( r e f .  3,4) and P la s s  and S t u l l  ( r e f ,  2) have calcu- 
l a t ed  transmittances based on t h e  quasi-random model of band absorption 
f o r  t he  range of wave numbers, pa th  lengths,  p ressures ,  and temperatures 
given i n  Table 1. 

For app l i ca t ion  t o  Venus, w e  f i t  t h e  following par s of Table 1. 

For H20, t ransmittance f o r  pressures 
5 For C02, t ransmittance f o r  path lengths g rea t e r  than 10 

pressures g rea t e r  than 0.1 a t m .  
g r ea t e r  than  0.1 a t m .  

atmo-cm and 

TABLE 1 

RANGES COVERED BY PUSS TRANSMITTANCE TABLE3 

Wavenumb er Path Pres su r  es Temperatures 
Range( cm- l )  lengths ( a t d  ( OK> 

300, 250, 200 4 600- 10,000 0.2 t o  10 atmo-cm 0.01 t o  1 c02 

1, 10, 31  300 5 6  7 500- 9,500 10 ,10 ,2.37x10 
atmo-cm c02 

H 2 0  1000- 10,000 t o  50 pr.cm 0.01 t o  1 300, 250, 200 

Based upon t h e  s t rong  l i n e  l i m i t  of t h e  s t a t i s t i c a l  band model of 
transmittance,  Bartko and Hanel ( r e f .  1) der ive  the  following t rans-  
mission l a w  f o r  t h e  case of appreciable overlapping of absorption l i n e s  

where 

n ’  

1 a V = exp t -  i(mVu*) 
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and v i s  wavenumber, z i s  transmittance,  u i s  path length of absorbing 
gas, T is  temperature, p i s  pressure,  t h e  subsc r ip t  o r e f e r s  t o  standard 
conditions,  To = 273 K, po = 1 a t m ,  and mvz. n v , T  , and k are constants 
t o  be determined f o r  each s p e c t r a l  i n t e rva l .  
n = k /2. 
t i on ,  l e t t i n g  n and k be derived from t h e  f i t t i n g  procedure. 

0 

Barxko and Eane1 assume t h a t  
For t h e  sake of gene ra l i t y ,  w e  s h a l l  no t  make such a n  assump- v 

V V 

To determine t h e  c o e f f i c i e n t  of temperature dependence, w e  can t ake  
t h e  n a t u r a l  log of ( 1 / ~  ), d iv ide  it by t h e  n a t u r a l  log of ( l / xv2) ,  where 

1 

and z are transmigkances f o r  t h e  same path length and pressure,  but k g f e r e n t  V gemperatures, T and T2, t o  ob ta in  

By def in ing  a similar r a t i o  fo r  another p a i r  of temperatures, T 
taking n a t u r a l  logs, and dividing, w e  ob ta in  

and T3, 2 

Rn A, 

Rn A2 
( 4 )  

Solving f o r  y ,  w e  ob ta in  

C Rn A2 - C Rn A1 

B Rn A~ - B~ Rn 
- 1 2 - 

Yv 2 
(5) 

where B 
used as fol?ows. 

B , C1, and C are cons tan ts  t h a t  depend upon t h e  temperatures l1 2 

i L 1 

1 1 - - -  - -  
B2 T3 T2 
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C1 = 1.5 Rn(T2/Tl) 

C2 = 1.5 Rn(T /T ) (9 ) 3 2  

In the Plass tables, transmittances are tabulated for three temper- 
0 atures: Two different methods 

were used $0 determine the average value of y f o r  a spectral interval. 
In the first method, the average values of Rn A and Rn A are computed 
from sets of transmittance data, each set consisting of a value of 
transmittance at each of the three temperatures, and y is found from 

T = 300 K, T2 = 250°K, and T3 = 200°K. 

1 2 

- - 
C Rn A2 - C2 Rn A1 1 - 

v =  - - 
B Rn Al - B1 Rn A2 'V 

2 

In the second method, the average value of y is determined from a simple 
average of individual values of y computed for each set of three trans- 
mittances at different temperatures but similar path lengths and pressures. 
In this case, 

where y 
transmittances. 

is computed from Equation (5) and N is the number of sets of 

In both methods, all transmittances equal to 0 or 1 are not used in 
The transmittance data for the ranges indicated by -1 the computations. 

rows 1 and 3 of Table 2 are used to derive values of 
spectral interval. 

for each 100 cm 
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TABLE 2 

RANGES OF PARAMETERS I N  FITTING PROCEDURE 

Wavenumber Path 
Range (cm' I) lengths 

P r e s  sures Ternperatur e 
( a b >  OK) 

~ 

0.1 t o  1 300,250,200 

1, 10, 31 300 

3 4 600- 9,500 10 t o  10 atmo-cm 

5 6  7 600- 9,500 10 , 10 , 2.37~10 

c02 

c02 a tmo- cm 

H20 1000- 10,000 t o  50 pr. c m  0.1 t o  1 300,250,200 

Once t h e  temperature c o e f f i c i e n t  y i s  found, t h e  o ther  constants,  
m k , and n , can be determined from a least squares f i t t i n g  procedure, ag' foYlows. 2, 

Subs t i t u t ion  of Equation (2) i n t o  Equation (1) leads t o  

where 

\ 
Y k n~ 

T = exp - [ c T'Io5 exp (- $1. p vi] 
V V 

-k 
c V = T  0 1.5 P O  v enp[$) mv 

", 

Taking Rn (an 1 / ~ ~ ) '  w e  ob ta in  

+ nv an u + nvkv Rn p (14) 
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Let t ing  

and 

a = n  R n c  
V V V 

Y F = ,tn [ T  -1.5 exp (- F)] 

U =  R n u  

P =  R n p  

b = n  k 
V v v  

w e  can rewrite Equation (14) as 

Wv = av + nv(F + U )  + bv P 

o r  

= a  + n  G + b  P (22) wv v V V 

where 

G = F + U  (23) 

V’ 
The cons tan ts  a n and b , and, from them, the  constants m v’ v’ 

t o  t he  transmittance da ta .  
and n can be determined frgm a least squares f i t  of Equation (22) 

kV’ V’ 

For both CO and H20, t he  transmittance d a t a  f o r  a temperature of 
300°K, and fo r  t8e pa th  length and pressure  ranges indicated i n  Table 
2, are used i n  t h e  least squares f i t .  Any transmittances equal t o  0 o r  
1 are not  used i n  t h e  f i t t i n g  procedure. 

To eva lua te  t h e  goodness of f i t ,  t h ree  types of s ta t i s t ics  a r e  
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computed: The mean of t h e  absolu te  values of t h e  r e l a t i v e  e r r o r s ,  t h e  
mean devia t ion ,  and t h e  root-mean-square e r ro r .  These are defined as 
follows. Mean of absolu te  values of r e l a t i v e  e r r o r s  = 

f ( ITc  - T o p o i  - i=.l; ( 2 4 )  
IR.E.1 = 

N 

where t h e  T 
T 
o? p a i r s  of transmittances.  

are the  transmittances computed from Equation (22) and t h e  
are t h e  g r i g i n a l  transmittances i n  t h e  P lass  t ab le s .  N i s  t h e  number 

Mean dev ia t ion  = 

.& izl - 
N D -  

Root-mean-square e r r o r  = 
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RESULTS 

The derived constants  f o r  each s p e c t r a l  i n t e r v a l  fo r  both water 
vapor and carbon dioxide are shown i n  Table 3 .  
s u f f i c i e n t  transmittance da ta  t o  determine constants.  A l l  constants  
have been rounded off  t o  two s i g n i f i c a n t  d i g i t s .  The two methods fo r  
computing y are indicated by y-pack. 1 and y-pack. 2. 

Dashes ind ica t e  in -  

It can be seen t h a t  s i g n i f i c a n t l y  d i f f e r e n t  values of y may r e s u l t ,  
depending upon which method i s  used f o r  i t s  determination. Also,,in some 1V-l 

instances  7 i s  computed t o  be negative,  which i s  theo re t i ca l ly  forbidden. 
This i s  due t o  the  extreme s e n s i t i v i t y  of both methods of computing y 
t o  the  transmittance values,  which are only tabulated t o  three  decimal 
places i n  the  Plass tab les .  

Error  s t a t i s t i c s  were computed f o r  a l l  wavelength i n t e r v a l s ,  fo r  
each of t h e  th ree  teplperatures. Tables 4 t o  7 are samples of t h e  
computed e r r o r  s t a t i s t i c s ;  complete t ab le s  of t he  e r r o r  s t a t i s t i c s  may 
be found i n  Ohring ( r e f .  5). 
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TABLE 4 

SAMPLE OF ERROR STATISTICS FOR C02(y-PACK. 1) TRANSMITTANCE FITS 

For each wavenumber, f i r s t  row i s  m, second 
row i s  D, t h i r d  row i s  RMS, and four th  row i s  
number of p a i r s  of transmittances 

T = 300°K T = 250'K T = 200°K -1 Wavenumber ( c m  ) 

650 

7 50 

850 

950 

1050 

1150 

0.046 
-8.000 
0.000 
4.000 

0.084 
-.0.001 
0.011 

16.000 

0.017 - 0.000 
0.010 

16.000 

0.006 
0.001 
0.007 

16.000 

0.058 
0.006 
0,016 

17.000 

0.602 
0.005 
0.073 

20.000 

0.889 - 0.009 
0.013 
6 000 

0.400 - 0.09 6 
0.100 

16.000 

0.298 

0.23 6 
16.000 

- 0.225 

0.530 
-0.492 

0.524 
16 ., 000 

0.058 

0.05 1 
16.000 

- 0.049 

0.006 

0.006 
4.000 

-0.006 

0.996 
-0.019 
0.029 

10.000 

00 599 
-0.196 
0.205 

16.000 

0.451 
-0.397 
0.417 

16.000 

' 0.998 

0.9 80 
16.000 

-0.980 

0.063 
-0.060 
0.066 

16.000 

0.010 
-0.010 

0.010 
1.000 
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TABLE 5 

SAMPLE OF ERROR STATISTICS FOR C02 (7-PACK. 2) TRANSMITTANCE FITS 

For each wavenumber, first row is m, second 
row is D, third row is RMS, and fourth row is 
number of pairs of transmittances 

T = 300°K -1 Wavenumber (cm ) 

650 

7 50 

850 

9 50 

1050 

1150 

0,046 
-0.000 

0.000 
4.000 

0.084 
-0.001 

0.011 
16.000 

0.017 
-0.000 

0.010 
16.000 

0.006 
0.00 1 
0.007 

16.000 

0.058 
O9 006 

17.000 
a 0 1 6  

Q 602 
Q 005 
Q 073 

20.000 

T = 250°K 

0.745 
-@.0@8 

0.011 
6.000 

0.404 
-0.096 

0.101 
16.000 

0.184 

0.146 
16.000 

-0.139 

0.105 
-0.097 

0.110 
16.000 

0.263 
-0.221 

0.234 
16.000 

a 006 

a 006 
-a 006 

4.000 

T = 200°K 

0.965 
-0.018 

0.026 
10.000 

0.605 

0.207 
16.000 

-0.198 

0.209 

0.194 
16.000 

-0.183 

0.178 
-0.173 

0.198 
16.000 

0.513 - 0.489 
0.5 14 

16.000 

0.010 
-0.010 
a 010 
1.000 
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TABLE 6 

SAMPLE OF ERROR STATISTICS FOR H20 (7-PACK, 1) TRANSMITTANCE FITS 

For each wavenumber, first row is m, second 
row is D, third row is RMS, and fourth row is 
number of pairs of transmittances 

T = 300°K -1 Wavenumber (cm ) 

..lo50 

1150 

1250 

1350 

1450 

1550 

0.049 
0.007 
0.050 

20.000 

0.080 
0 0 000 
0.049 

28 ., 000 

0.100 
- 0.004 

0.049 
32.000 

0.151 
0.015 
0.030 

30.000 

0.073 
0 .ooo 
0.006 

24.000 

0.097 
0.007 
0.018 

24.000 

T = 250°K 

0.079 
0.004 
0.063 

16.000 

0.095 
-0.040 

0.080 
24.000 

0 132 

0 io78 
32.000 

0.295 - 0 .047 
0.055 

31.000 

0.066 
0 .ooo 
0.006 

24 ,, 000 

-0.041 

0.104 
-0.006 

0.012 
24.000 

T = 200°K 

0 189 
0.028 
0.098 

14.000 

0 167 
-0.090 
0 134 

20 0 000 

0.194 

0.118 
28.000 

0.441 
-0  124 

0.150 
31.000 

0.074 
0.004 
0.009 

24.000 

-0 e077 

0.134 - 0.. 026 
0.030 

22 0 000 
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TABLE 7 

SAMPLE OF ERROR STATISTICS FOR H 2 0  (7-PACK. 2 )  TRANSMITTANCE FITS 

For each wavenumber, first row is second 
row is D, third row is RMS, and fourth row is 
number of pairs of transmittances 

T = 300°K -1 Mavenumber (cm ) 

,1050 

1150 

1250 

1350 

145 0 

1550 

0.049 
0.007 
0.050 

20.000 

0.080 
0.000 
0.049 

28.000 

0.100 
-0.004 

0.049 
32.000 

0.151 
o.oL5 
0.030 

39.000 

0.073 
0.000 
0.006 

24.000 

0.097 
0.007 
0.018 

24.000 

T = 250°K 

0.085 
0.012 
0.068 

16.000 

0.100 
-0.023 

0.066 
24.000 

0.106 

0.062 
32,000 

-0.026 

0.147 
0.001 
0.018 

31.000 

0.066 
0.000 
0.006 

24.000 

0.072 
0.005 
0.015 

24 000 

T = 200°K 

0.229 
0 049 
0.120 

14 000 

0.202 
-0.037 

0.086 
20.000 

0.205 

0.072 
28 000 

-0.036 

0.094 
-0,005 

0.016 
31.000 

0.073 
0.004 
0 * 009 

24.000 

0.117 
0.003 
0.014 

22.000 
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I n  general ,  t he  f i t  i s  q u i t e  good f o r  a l l  s p e c t r a l  i n t e r v a l s  a t  
T = 3000K, The e r r o r s  increase  a t  T = 250°K and T = 200°K, suggesting 
t h a t  t h e  temperature dependence could be improved upon. Some of t h e  
l a rge  mean r e l a t i v e  e r r o r s  are due t o  one or  two l a r g e  r e l a t i v e  e r r o r s  
a t  low transmittance values.  For example, an  o r i g i n a l  '6 of approxi- 
mately 0.001 and computed '6 of approximately 0.005 would y i e ld  a r e l a t i v e  
e r r o r  of 4 ,  which, i f  p a r t  of a small sample, would lead t o  a l a r g e  mean 
r e l a t i v e  e r ro r .  The o v e r a l l  RMS e r r o r s  f o r  both C02 and H20 are approx- 
imately 0.10. This can be s i g n i f i c a n t l y  improved upon i f  one uses f o r  
each s p e c t r a l  i n t e r v a l  t h e  value of y y ie ld ing  t h e  lowest RMS e r r o r -  

Figures 1 through 4 i l l u s t r a t e  some comparisons between t h e  com- 
puted and t h e  o r i g i n a l  transmittances f o r  carbon d b x i d e .  
i l l u s t r a t e s  f o r  sample wavelengths centered a t  1850 cm'l and 1050 cm 
how w e l l  t h e  path length dependence of transmittance i s  being accounted 
fo r ,  F igure  2 shows a comparison of t h e  o r i g i n a l  and computed pressure  
dependence of transmittance a t  high pressures  f o r  a sample wavelength of 
1250 cm-lo Figure 3 a l s o  compares t h e  pressure  dependence, but fo r  t h e  
lower values of pressure. Figure 4 i l l u s t r a t e s  o r i g i n a l  and computed 
transmittances a t  v = 1050 cm'l f o r  d i f f e r e n t  temperatures. 
sample graphs i l l u s t r a t e  what has a l ready  been shown by t h e  e r r o r  s t a t i s t i c s  - 
namely, t h a t  t he  major dependence of transmittance upon path length and 
pressure  i s  being accounted fo r  q u i t e  w e l l  by t h e  empirical  transmittance 
formulas while t h e  dependence of transmittance upon temperature i s  not 
being accounted fo r  as w e l l .  

Figure 1 -1 

These 

Comparison of t h e  present r e s u l t s  with t h e  empirical  constants of 
Bartko and Hanel ( r e f .  1) i s  d i f f i c u l t  because only one of t h e i r  s p e c t r a l  
i n t e r v a l s  i s  100 cm-l wide. However, t o  ob ta in  a rough ind ica t ion  of 
what such a comparison might show, w e  have averaged t h e i r  constants f o r  
regions of t h e  spectrum i n  which t h e i r  s p e c t r a l  r e so lu t ion  i s  b e t t e r  
than 100 c m - l ,  and have averaged our constants f o r  regions of t he  spectrum 

Simple weighted (according t o  s p e c t r a l  width) averages of t he  constants 
may not be appropr ia te  s ince  some of t h e  constants (m, f o r  example) may 
vary q u i t e  r ap id ly  with wavenumber. The comparison of t h e  Bartko and 
Hanel cons tan ts  (B&H) and t h e  present constants (0), derived as ind ica ted  
above, i s  shown i n  Table 8. The one s p e c t r a l  i n t e r v a l  i n  which no 
averaging had t o  be performed, 1000 - 1100 c m - l ,  shows the  smallest 
d i f fe rences  between the  two sets of r e s u l t s .  I n  general ,  values of m, 
k, and n compare f a i r l y  w e l l  with each other. The present values of y 
fo r  CO 

i n  which t h e i r  r e s u l t s  are fo r  s p e c t r a l  r e so lu t ion  poorer than 100 cm' 1 . 

are cons i s t en t ly  lower than t h e  Bartko and Hanel values. 2 
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Figure 4 .  Orig ina l  and computed CO2 t ransmit tances  a t  1050 cm-l 
versus p a t h l e n g t h  f o r  t h r e e  d i f f e r e n t  temperatures.  
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CONCLUDING REMARKS 

The empirical  transmitrance constants derived i n  t h i s  study should 

The pa th  length and 
be usefu l  f o r  ca l cu la t ions  of atmospheric r a d i a t i o n  i n  p lane tary  atmo- 
spheres containing carbon dioxide and water vapor. 
pressure dependencies of t he  transmittances are f i t  q u i t e  w e l l  by t h e  
modified s t rong  l i n e  absorption law, However, t h e  temperature dependence, 
represented by t h e  coe f f i c i en t  y ,  can be improved upon. Poss ib le  im- 
provements i n  t h e  f i t t i n g  of t h e  temperature dependence include t h e  
following methods, which are based upon determination of t h e  temperature 
c o e f f i c i e n t s  from t h e  least squares f i t t i n g  procedure, I n  t h e  f i r s t  
method, t h e  temperature dependence of t h e  path would be assumed to be a 
f a c t o r  of t h e  form 

In  t h e  second method, t h e  temperature dependence would be assumed to be 
a simple power func t ion  of the  form (To/T)jO 
constants (y i n  t h e  f i r s t  method, R i n  t h e  second method) would be cal-  
culated simultaneously with the  o ther  empirical  constants,  m, n, and k, 
from a least  squares f i t t i n g  procedure, 
study i n  which t h e  temperature c o e f f i c i e n t  i s  ca lcu la ted  by an averaging 
method t h a t  i s  independent of t h e  least squares procedure used t o  
determine t h e  o ther  constants. It i s  expected t h a t  t h e  s p e c t r a l  i n t e r v a l s  
with s t rong  temperature dependence w i l l  follow t h e  temperature dependence 
of method one, while t h e  s p e c t r a l  i n t e r v a l s  with weak temperature depen- 
dence w i l l  follow t h e  simple power l a w .  

I n  e i t h e r  case, t h e  empirical  

This d i f f e r s  from t h e  present 

Such ca l cu la t ions  a r e  planned, 
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